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INTRODUCTION 

Pyro lys is  o f  biomass invo lves  heterogeneous subs t ra tes  and complex reac t ions .  
The substrate inay conta in  var ious amounts o f  c e l l u l o s e ,  hemicel lu loses, l i g n i n ,  
ex t rac t i ves  and inorganics w i t h  d i f f e r e n t  thermal p roper t ies .  The reac t ions  i n v o l v e  
a l t e r n a t i v e  pathways and consecutive ser ies ,  which a r e  a f f e c t e d  by p y r o l y t i c  con- 
d i t i o n s  inc lud ing  t h e  t ime and temperature p r o f i l e ,  ambient atmosphere and c a t a l y s i s  
by inorganic  mater ia ls .  
the  products are h i g h l y  dependent on t h e  employed subs t ra te  and p y r o l y t i c  cond i t ion .  
This  s i t u a t i o n  accounts f o r  v a r i a t i o n  o f  t h e  r e s u l t s ,  p a r t i c u l a r l y  on k i n e t i c  
studies, which may range f rom k i n e t i c s  o f  s p e c i f i c  chemical reac t ions  t o  g loba l  
k i n e t i c s  o r  modeling o f  an e n t i r e  process. The l a t t e r  may be based on a r a t e  
determining chemical s tep o r  even a phys ica l  process such as heat  o r  m a t e r i a l  t rans-  
fe r .  Pyro lys is  of c e l l u l o s e  i l l u s t r a t e s  these p o i n t s .  The a l t e r n a t i v e  pathways 
proposed f o r  p y r o l y s i s  o f  t h i s  m a t e r i a l  i s  shown below (1,2). 

Consequently, composit ion, y i e l d  and r a t e  o f  format ion o f  

F i s s i o n  products,  C,Hys H2 (3) 

Ce l lu lose  - / Anhydrosugars, Tar  

\ Char, H20, C02, CO 

(2) 

(1) 

Pyro lys is  a t  teniperatures below 300°C i nvo lves  depolymerizat ion,  dehydration, 
rearrangement and format ion o f  carboxyl and carbonyl  groups, e v o l u t i o n  o f  CO and CO,, 
development o f  f r e e  r a d i c a l s  and condensation t o  char. 
these react ions are accompanied by the  conversion o f  t h e  g lycosy l  u n i t s  t o  levog lu -  
cosan by t ransg lycosy la t ion .  This  r e a c t i o n  i s  preceded by  t h e  a c t i v a t i o n  o f  t h e  
molecule, presumably through g lass t r a n s i t i o n ,  which g ives t h e  r e q u i r e d  conforma- 
t i o n a l  f l e x i b i l i t y .  A t  s t i l l  h igher  temperatures (above 500"C), t h e  g lycosy l  
s t ruc tu re  o f  the  levoglucosan o r  c e l l u l o s e  r a p i d l y  breaks down t o  p rov ide  a v a r i e t y  
o f  low molecular weight f i s s i o n  products, i n c l u d i n g  hydrocarbons and hydrogen as w e l l  
as C O S  CO and H20 obta ined a t  lower temperatures. 
f u r t h e r  rgac t  t o  a l t e r  t h e  composit ion o f  the  pyro lysa te .  The secondary r e a c t i o n  may 
proceed i n  t h e  gas phase as f u r t h e r  decomposit ion o f  levoglucosan, i n  the  s o l i d  phase 
as the  condensation and c r o s s l i n k i n g  o f  in te rmed ia te  chars t o  n i g h l y  condensed po ly -  
c y c l i c  aromatic s t ructures,  o r  by  i n t e r a c t i o n  o f  bo th  phases as g a s i f i c a t i o n  o f  char  
by reac t ion  wi th  HZO and C02 a t  h igh  temperatures t o  produce CO and H2. I n  view o f  
a l l  these p o s s i b i l i t i e s  the  k i n e t i c  data a re  v a l i d  o n l y  f o r  s p e c i f i c  chemical reac- 
t i o n s  o r  w e l l  defined s y s t e m .  Genera l izat ion cou ld  be mis lead ing  and cont rovers ia l ,  
because of major d i f ferences i n  t h e  r e s u l t s  obta ined under d i f f e r e n t  cor id i t ions.  
These d i f ferences are  shown i n  the  fo l low ing  examples o f  p y r o l y s i s  o f  c e l l u l o s e  under 
d i f f e r e n t  condi t ions.  

A t  temperatures above 3OOOC; 

The p y r o l y s i s  products cou ld  
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KINETICS OF CELLULOSE PYROLYSIS 

Global Kinetics 

The global k ine t ics  f o r  isothermal evolution of v o l a t i l e  pyrolysis products 
from purified cotton l i n t e r  ce l lu lose ,  w i t h i n  the temperature range of  275-310°C, 
has been studied i n  a i r  and nitrogen ( 3 ) .  The Arrhenius p lo t  of the r e su l t s  on 
f i rs t  order k ine t ics  is shown i n  Figure 1.  
37 and 17 Kcal/mole i n  a i r  and nitrogen. Figure 1 ind ica tes  a t r a n s i t i o n  a t  ca. 
300T which r e f l ec t s  the ex is tence  of two d i f fe rer . t  pathways. As seen in  Figure 2 ,  
t h e  r a t e  of pyrolysis measured by weight loss under isothermal conditions,  shows 
an i n i t i a l  period o f  acce lera t ion  and proceeds much f a s t e r  i n  a i r  than i n  i n e r t  
atmosphere. As the pyrolysis temperature i s  increased, the i n i t i a t i o n  period and 
the differences between pyrolysis under nitrogen and a i r  gradually diminish and 
disappear a t  310°C when pyrolysis by the second pathway takes  over. 

Kinetics of the  lower temperature pathway 

involve reduction i n  molecular weight o r  DP by bond sc i s s ion ,  appearance of f r ee  
rad ica ls ,  elimination of water,  formation o f  carbonyl , carboxyl and hydroperoxide 
groups ( i n  a i r ) ,  evolution o f  carbon monoxide and carbon dioxide,  and f i n a l l y  pro- 
duction of a charred residue. 
r a t e s  of pyrolysis of ce l lu los i c  mater ia l s ,  have been ind iv idua l ly  inves t iga ted .  
Reduction i n  the degree of polymerization o f  ce l lu lose  on isothermal heating in a i r  
or nitrogen a t  a temperature within the range of 150-190°C has been measured by the  
viscosity method. The re su l t i ng  data have been cor re la ted  w i t h  ra tes  of bond sc iss ion  
and used f o r  ca lcu la t ing  the k ine t ic  paramerers. 
t ion  energy of 21 Kcal/mole f o r  bond sc iss ion  i n  a i r  and 27 Kcal/mole i n  nitrogen, 
and indicate t h a t  a t  low temperatures a l a rge r  number of bonds a re  broken i n  a i r  
than i n  nitrogen. 

much f a s t e r  i n  a i r  than i n  nitrogen, and furthermore, acce le ra te  on continued heating. 
I t  i s  ins t ruc t ive  t o  compare the i n i t i a l  l i n e a r  r a t e s  f o r  the evolution of these  
gases w i t h  the r a t e s  of bond sc iss ion  obtained f o r  depolymerization a t  170OC. As can 
be seen in Table I the r a t e  of bond sc i s s ion  i n  a i r  approximately equals t he  r a t e  
of production of carbon dioxide plus carbon monoxide i n  moles per glucose u n i t .  In 
nitrogen, however, the r a t e  of bond sc i s s ion  i s  g rea t e r  than the rates o f  carbon 
monoxide and carbon dioxide evolution combined. 

These data gave ac t iva t ion  energies of 

The reactions in the f i rs t  pathway, which dominates a t  lower temperatures, 

These reac t ions ,  which cont r ibu te  t o  the  overall  

These ca lcu la t ions  g ive  an ac t iva-  

The ra tes  of production of carbon monoxide and carbon dioxide a t  17OOC a r e  

Table I .  I n i t i a l  r a t e s  of g lycos id ic  bond sc iss ion  and carbon 
monoxide and carbon dioxide formation a t  170°C. 

5 Rate X 10 in  a i r  
mole/162 gm hr 

Reaction Rate X lo5  in N 2  
mole/162 gm hr 

Bond Scission 2.7 9.0 

CO Evolution 0.6 6.4 

C02 Evolution 0.4 2.1 
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Figure 2 .  F i r s t  order plot  f o r  the residual ce l lu lose  weight (normalized) 
versus time. 
a r e  s imilar .  

Plots a t  310°C and 3 2 5 O C  f o r  a i r  and nitrogen 
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On heat ing c e l l u l o s e  i n  a i r ,  hydroperoxide f u n c t i o n s  a r e  s imultaneously formed 
and decomposed, and t h e i r  concent ra t ion  climbs u n t i l  a steady s t a t e  i s  reached. A t  
17OOC the  steady s ta te  i s  reached i n  about 100 min. 
peroxide func t ion  appeared t o  f o l l o w  f i r s t - o r d e r  k i n e t i c s  w i t h  a r a t e  consta t O f  
2.5 min-1 a t  17O0C. From the  steady-state concent ra t ion  o f  3.0 . 0- mole/ 

g min. When compared w i th  the  i n i t i a l  r a t e  o f  bond s c i s s i o n  i n  a i r  a t  17OoC (Table 
I ) ,  i t  i s  apparent t h a t  hydroperoxide format ion cou ld  make a s i g n i f i c a n t  con t r ibu-  
t i o n  t o  bond scission. 

K ine t ics  o f  the  intermediate pathway 

Ths pr imary reac t ion  i n  t h i s  pathway invo lves  depolymerizat ion by t ransg lyco-  
sy la t i on  forming a t a r  con ta in ing  anhydrosugars ( levoglucosan and i t s  isomer), 
randomly l i n k e d  ol igosacchar ides and var ious dehydrat ion and f i s s i o n  products. As 
t he  reac t ion  proceeds, the  res idue contains some g l y c o s y l  u n i t s  t h a t  have been 
detected by CP/MAS 13C-NMR and FTIR, and some char (4 ) .  The char i s  formed p a r t l y  
from d i r e c t  decomposition o f  c e l l u l o s e  as discussed e a r l i e r  and p a r t l y  by decompo- 
s f t i o n  o f  the t a r .  
r a p i d l y  and overshadow the produc t ion  o f  char. A t  t h i s  t ime, i t  should be po in ted  
o u t  tha t  evaporat ion o f  levoglucosan and the  v o l a t i l e  p y r o l y s i s  products i s  h i g h l y  
endothermic. Thus, the increased oven temperature could r a i s e  the  r a t e  o f  heat 
t ransfer bu t  no t  necessar i l y  t he  temperature o f  t he  a b l a t i n g  subs t ra te  which i s  
cooled by the  heat o f  evaporation, e s p e c i a l l y  under vacuum. 
higher temperatures, the  p y r o l y s i s  process may be c o n t r o l l e d  by the  r a t e  o f  heat 
t rans fe r  ra the r  than the  k i n e t i c s  o f  the chemical reac t ion .  Ma te r ia l  t r a n s p o r t  
presents another major obs tac le  t o  the  i n v e s t i g a t i o n  o f  chemical k i n e t i c s ,  because 
i f  the  products o f  primary r e a c t i o n s  are n o t  removed, they can undergo f u r t h e r  de- 
composition reac t ions .  Table I 1  shows the d i f f e r e n c e  between the  y i e l d  o f  d i f f e r -  
en t  pyro lys is  products i n  vacuum, which removes the  pr imary  v o l a t i l e  products, and 
in nit rogen a t  atmospheric pressure which a l lows more decomposit ion o f  the  anhydro- 
sugars. I t  a lso  shows the  e f f e c t  o f  inorgan ic  c a t a l y s t s  i n  changing the  na ture  o f  
the  react ions and products. 

Analysis o f  the  p y r o l y s i s  products o f  c e l l u l o s e  a t  3OOOC 
under n i t rogen and vacuum. 

The decomposit ion o f  the  hydro- 

162 g min, the  r a t e  of hydroperoxide decomposit ion i s  t h e r e f o r e  7.5 x 10- P mole/162 

On r a i s i n g  t h e  temperature t h e  t a r  forming reac t ions  accelerate 

I n  o t h e r  words, a t  t he  

Table 11. 

1.5 Mm Hg, 
Condition Atm. pressure 1.5 Mm Hg 5% SbC1, 

Char 

Tar 

34. 2%a 17.8%a 25.8%a 

19.1 55.8 32.5 

levoglucosan 3.57 28.1 6.68 

1,6-anhydro-B-~-g1ucofuranose 0.38 5.7 0.91 

hydrolyzable mater ia ls  6.08 20.9 11 .a 
a D-glucose t r a c e  t r a c e  2.68 

aThe percentages are based on the  o r i g i n a l  amount o f  c e l l u l o s e .  
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In View of these considerations, the chemical kinetics of cellulose pyrolysis 
have been investigated within the limited temperature range o f  260-340°C and under 
vacuum in Order to obtain chemically meaningful data (5). Under these conditions, 
the chemical kinetics o f  cellulose pyrolysis could be represented by the three 
reaction model shown below. 

F I 

ki 
cei lulose - "Active Cellulose" 

'eel 1 WA *Char + Gases 

d(Wc) = 0.35kc[W,] 
az- 

In this model it i s  assumed that the initiation reactions discussed earlier 
lead to the formation of an active cellulose, which subsequently decomposes by two 
competitive first order reactions, one yielding anhydrosugars (transglycosylation 
products) and the other char and a gaseous fraction. 

Partially pyrolyzed cellulose, in addition to the original sugar (glycosyl) 
units, contains new functionali ties formed by dehydration, rearrangement, decarbonyl- 
ation, decarboxylation and condensation. 
alities 'nclude carbonyl, carboxyl, aromatic and aliphatic carbons as analyzed by 
CP/MS lJC-NMR (5) .  After complete pyrolysis of the glycosyl units (5 min at 400OC) 
a relatively "stable" char is left that contains about 70% aromatic and 27% aliphatic 
carbons. On heating at 500°C char is converted to a highly condensed and crosslinked 
material, containing about 905 polycyclic aromatic carbons. 

In the intermediate chars these function- 
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CONCLUSION 

o f  reactions which provide d i f f e r e n t  products. The k i n e t i c s  o f  these react ions 
are h igh ly  dependent on the  experimental condi t ions.  

Pyrolysis o f  ce l lu lose  proceeds by a l t e r n a t i v e  pathways i nvo lv ing  a va r ie t y  
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C. VOVELLE, H. MELLOTTEE, J.L. DELFAU 

C.N.R.S. - Centre de Recherches sur la Chimie de la Combustion 
et des Hautes Tempbratures 

45045 ORLEANS CEDEX - FRANCE 

INTRODUCTION : 

Kinetics of thermal degradation of cellulosic materials has attracted wi- 
despread attention due to its importance in two main fields : synthetic fuel produc- 
tion from biomass and fire research. Usually, the results of kinetic studies have 
been expressed by means of an overall mass loss  rate equation : 

- * = A (m - mf)n exp (-E/RT) 1) dt 

with m = mass of material at time t, mf = final mass, T = temperature, A = preexpo- 
nential factor, n = reaction order, A =activation energy and R = perfect gas cons- 
tant. 

Several reviews ( l ) ,  (2), ( 3 )  have pointed out that there is a great scat- 
ter in the values measured for the kinetic parameters : A, n and E. In particular, 
activation energies reported for wood are very often lower than those obtained for 
cellulose. 

Recently ( 4 ) ,  we have performed thermogravimetric analysis of cellulose 
and several kinds of woods and we have shown that this discrepancy was mainly rela- 
ted to the use of an overall equation to represent thermal degradation of wood. By 
calculating the mass variations by means of a simulation model allowing severalreac- 
tions to be taken into account, we have reproduced with a good precision the experi- 
mental thermograms. For wood, in nitrogen, this agreement between experiments and 
calculations was obtained with a two-step degradation mechanism. The first step 
starts around 520 K and corresponds to the degradation of the mixture hemicellulose 
+ lignin. The second step is observed around 620 K and is due to the pyrolysis of 
cellulose. 

It is highly interesting to notice that for this second step of wood pyro- 
lysis, the values of the kinetic parameters obtained with pure cellulose could be 
used. 

The methods usually proposed for determining kinetic parameters from ther- 
mogravimetric analysis curves are based on the assumption that the mass loss rate 
can be interpreted by means of an overall equation. In view of the results that we 
obtained for wood, it was interesting to study how these methods could be applied 
to a two-step degradation mechanism and compare the precision of the results obtai- 
ned with different methods. In this paper, we have reported kinetic calculations 
performed with the most commonly used techniques : FREEMAN and CARROLL ( 5 ) ,  maximum 
point (61, ratio method (7), COATS and REDFERN (8 )  and BROIDO (9). These calculation 
techniques have been applied to thermograms measured for  pure cellulose and three 
kinds of woods : fir, poplar and oak, the experiments having been performed under 
nitrogen. 

EXPERIMENTAL : 

A SETARAM thermobalance has been used. This apparatus allows simultaneous 
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TGA and DTA measurements. It is worth specifying that due to DTA requirements, the 
thermocouple used to measure the sample temperature was surrounded by the platinum 
sample holder, so that there is a good coupling between temperature measured by the 
thermocouple and the sample temperature. 

A nitrogen flow rate equals to 120 ml/min has been used, and the heating 
were respectively : 16.20C/min (cellulose), 12.90C/min (oak), 13.0°C/min (fir) and 
23.20C/min (poplar). All the experiments have been performed with initial mass close 
to 25 mg. 

Mass and temperature versus time curves were digitized by means of a H.P. 
plotter. Transformation and smoothing of the data :o mass versus temperature curves 
and derivative calculations were perfsimed by a H.P. 1000 computer. 

RESULTS AND DISCUSSION : 

We have plotted on figure 1 the thermograms obtained with cellulose and 
the three kinds of woods. Usually, from these curves, a conversion factor is defined 
by : 

m - m  
Y =  0 2) 

mo - mf 
with : m = mass remaining at time t, m0 = initial mass and mf = final mass. 

tor : 
The overall kinetic equation is expressed in term of this conversion fac- 

3 = A (1 - y  )" exp (-E/RT) 3 )  dt 

or by using the heating rate : p = dT/dt 

To use this equation for wood, it is necessary to define a conversion fac- 
tor specific to each step of the degradation mechanism. If the step s is assumed to 
be observed between an initial value of the mass : ( m J s  and a final value (mf)s, this 
conversion factor is defined by : 

These boundary values play an important role, since the variation of 
Y over a given temperature range can be modified by changing the values used for t m 0 )  and (mf) and it can be considered that five kinetic parameters are needed to 
spec7fy the thzrmal degradation : A ,  n ,  E, (mo), and (mf)s. 

In order to get starting values f o r  these boundary values of the mass, we 
have used the results obtained in the previous study carried out with the simulation 
model ( 4 ) .  These results have been reported in table I. When performing these calcu- 
lations, the following assumptions had been made : 

cond component" 

curring between an initial value a and a finai value afof the mass ratio a= mk/ho)k 
with mk = mass of component k at ti% t and (mo)k = initial mass of component k. 

From the values reported in table I, it can be seen that the first step 
in the thermal degradation of wood, starting around 520K corresponds to the pyroly- 
sis of the so-called second component, the pyrolysis of cellulose being responsible 

- wood is composed in equal proportion of cellulose and a so called "se- 

- for each canponent, several reactions can be observed, each reaction oc- 

29 2 



for the second step observed at higher temperature. In fact, these two steps are 
not really successive and a progressive replacement of the first one by the second 
is rather observed. Owing to this overlapping, it seemed preferable to not use the 
intermediate part of the thermograms and in the following we have considered that: 

- At the beginning of the first step, only the pyrolysis of the second 
component is observed. Assuming that this component represents 50% of the initial 
mass of wood and with the values of a f  reported in table I, the boundary values for 
the first step are equal to mo and .7 mO. 

- Kinetic parameters of the second step can be calculated accurately only 
when the pyrolysis of the other component is achieved, so that the initial value 
of the mass is .7 mo, while, from the values of afit is found that the final value 
is close to .33  mo. 

In fact , these values have been allowed to vary slightly in order to 
optimize the results. 

cessively the different methods. 

FREEMAN and CARROLL method : 

In the following we have described the results obtained by applying SUC- 

By taking the logarithm of both sides of equation 4 and differentiating 
with respect to temperature, the following expression is obtained : 

d (l/T) 
log 

By plotting the left hand side versus a straight line mustbe 
obtained, with a slope equals to E/2.3 R and an intercept equals to n. 
The preexponential factor A is calculated thereafter by means of equation 4 .  

To illustrate the precision which can be expected when using this method, 
we have plotted the results obtained respectively for the first step and the second 
step of fir pyrolysis on figures 2 and 3 .  It can be seen on figure 2 that the points 
corresponding to the lowest values of d(l/T)/d log(1 -Y) tends to be outside of the 
straight line, this deviation being due to the beginning of theoccurrence of the 
second step. However, on the main temperature range of each step, the linear rela- 
tionship is fairly well verified. 

The values obtained for the second step of wood pyrolysis and for cellulo- 
se pyrolysis (table 11) are in good agreement with the values that we calculated 
previously with the simulation model (table I). For the first step, on the other 
hand, the activation energies obtained for fir and oak are slightly higher than tho- 
se calculated previously and some discrepancies are observed in the values of the 
order of reaction. 

It is mainly interesting to notice that these calculations confirm that 
the kinetic parameters of the second step of wood pyrolysis keep the value obtained 
with pure cellulose. 

A second remark can be done concerning the method of calculation. Due to 
the properties of logarithms and derivatives, the results are independent of the 
value chosen for (mo), and only (mf) is playing a &le. For the second step of wood 
pyrolysis, the value of (mf), can’be known with accuracy since it corresponds to 
the final value of the mass observed on the thermogram. Therefore, for the second 
step, the determination of the kinetic parameters by means of this method is not 
affected by errors resulting of a wrong estimation of the initial value of the mass. 

Maximum point method : 

From equation 4 ,  the following relationship is obtained between the values 
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of the parameters COrreSpOnding to the maximum conversion rate : 

where T,, y m  and (dY/dT), represent respectively the values of the temperature, 
the conversion factor and the derivative of the conversion factor at the point where 
the conversion rate is maximum. 

The order of reaction is calculated by using one of the following expres- 

8) 
(1-n) 

n = (1 - Y  ) ‘ -  if n # l  

n = 1 if (1- Y ) = lle 9 )  

sions : 

with e = basis of neperien logarithm. 

The preexponential factor is calculated from equation 4 .  

This method cannot be applied to the first step of  wood pyrolysis, since, 
due to the overlapping with the second step, there is no maximum in the conversion 
rate vs temperature curve. 

The values obtained for cellulose and the second step of wood pyrolysis 
are reported in table 111. 

It can be observed that the kinetic parameters determined for wood are 
still very close to those calculated for pure cellulose. 

However, in addition to its limitation concerning the treatment of the 
first step of wood pyrolysis, this method suffers a second disadvantage related to 
its accuracy. A small error in the estimation of the temperature corresponding to 
the maximum conversion rate entrains a large variation in the values o f y  . This 
is illustrated by the following values measured for fir : 

T K  635 636 63 7 

(dY/dT) K-l 2.77 lo-’ 2.85 lo-’ 2.82 IO-’ 

.612 .644 .672 Ym 

Moreover, this method is directly dependent on the values chosen for (mo)s 
and (mf) and it can be seen that if the values of n, A and E obtained for poplar 
are cloze to the values calculated with the other methods, the value used for 
(mo)s seems abnormally elevated. 

Ratio method : 

This method has been formulated by MICHELSON and EINHORN (7). If equation 
4 is written for two values of the temperature Ti and Tj, the following expression 
can be derived : 

(dY/dT) j (1- Yj) E T. - T. 
10) - n log - (1- V i )  + - log (dY/dT)i - 2.3 R Ti T 

j where the subscrips i and j mean that the quantities have been measured at tempera- 
tures Ti and T.. 

J 
If this calculation is repeated for couples of  temperature such that the 

ratio r = ( l - Y . ) l ( l - Y i )  remains constant, the plot of the left hand side versus 
T. - Ti/Ti Tj must be a straight line of slope equal to El2.3 R. The order of 
reaction is calculated from the value of the intercept. 

1 
J 
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\ Values obtained by applying this method (table IV) are in close agreement 
with those determined with the FREEMAN and CARROLL method for pure cellulose as well 
as for the two steps of wood pyrolysis. 

It is important to notice that the r61e played by the boundary values (mds 
and (mf) in the calculation of the conversion factor is reduced to a minimum when 
to rati2 method is used. Calculation of the order of reaction involves only (mf), 
while, for the activation energy, the values are totally independent of (mo)s and 
(mf) since these two quantities vanish when the left hand side of equation 10 is 
calcGlated. This method is therefore particularly convenient for the kinetics of 
wood pyrolysis, especially for the first step, where, due to the relatively small 
value of the difference (m,) - (mf) , the conversion factor is very sensitive to 
a small change in the value Zstimatea for (mf)s. 

COATS and REDFERN method : 

Equation 4 cannot be integrated directly. However, using an approximation 
for the integral of the exponential term several expressions can be derived. COATS 
and REDFERN ( 8 )  have obtained : 

The first term in the right hand side is sensibly constant in the tempera- 
ture range used in the calculations so that a plot of the left hand side of one of 
the two equations versus 1IT must be a straight line of slope - E12.3 R . The 
order of reaction is not calculated directly. In fact, the calculations have to be 
performed using several values of n in order to retain the value leading to the best 
linear relationship. 

Values calculated with this method are reported in table V. 
It can be observed that the values obtained for the activation energy of 

the second step of wood pyrolysis tend to be lower than the values calculated for 
pure cellulose. With poplar, it has been necessary to increase the ratio (mo)2 /mo 
up to .82 in order to obtain a straight line. This value is abnormally elevated even 
if it lead to satisfactorily results with the maximum point method. 

BROIDO method : 

Using a different assumption for performing the integration of equation 
4 ,  BROIDO derived the following expression, valid only for a first order reaction 

1 3 )  
1 

1- Y log ( log - ) = - E 2.3 RT + constant 

In view of the results obtained with the other methods for the order of 
reaction, it has not been possible to apply the BROIDO method to both steps of wood 
pyrolysis (table VI). 

This method and the COATS-REDFERN method, often called integral methods 
are very sensitive to the values chosen for (m,) and (mf)s when calculating the 
conversion factor. This is illustrated by the txree curves corresponding to diffe- 
rent values of (mo)s for the second step of fir pyrolysis (figure 4 ) .  

CONCLUSION : 

An examination of the results obtained for cellulose pyrolysis in nitrogen 
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shows that the five techniques of kinetic calculations lead to results very simi- 
lar : the mass loss rate can be interpreted in term of one reaction of first order 
of activation energy close to 250 kJ/mole. 

For wood pyrolysis, we have distinguished two steps in the thermograms. 
By calculating a specific conversion factor for each step it has been possible to 
apply the same calculation techniques. However, calculation of this specific conver- 
sion Eactor introduces an error related to the estimation of the mass range over 
which each step is observed. Owing to this fact, the accuracy of the different cal- 
culatior. techniques is directly related to the degree at which the boundary values 
(mo)s and (rnf)s are involved. From this point of view, the FREEMAN and CAKKOLL me- 
thod and the ratio method are the most suitable. It is interesting to notice that 
these two techniques have confirmed that kinetic parameters of the second step of 
wood pyrolysis, corresponding to the maximum mass loss rate,have the same values 
than those obtained for pure cellulose. 
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Fig. 1 Thermograms obtained 

in nitrogen 

(120 ml/min) 

- cellulose (16.Z°C/min) 
.--*----' fir (13.00C/min) 

- - - - poplar (23.20C/min) 
-I- oak (12.9OC/min) 

Fig. 2 : FREEMAN and CARROLL 
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Fig. 3 : FREEMAN a n d  CARROLL 

method.  

Second s t e p  o f  f i r  

t h e r m a l  d e g r a d a t i o n  

Fig. 4 : BROIDO method.  
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50% cellulose 1 . 5  1019 
50% 2nd component ' 1  1 2 . 2  lo5  poplar 

E(kJ/mole) 

2 5 0  

2 50 
8 4  

1 

1 
1 

_ _ _ _  

1 
1 

1 
1 

_ _ _ _  

Table I : kinetic parameters obtained in a previous study ( 4 )  
by means of a simulation model 

materia 1 

cellulose 
--___________________________ 

1st step 
/fir 2nd step 
I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

I_____________________________ 

Table I1 : kinetic parameters calculated with the FREEMAN and CARROLL 
method 

. 75  

i 

Table I11 : kinetic parameters calculated with the maximum 
point method 
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1 material r n 

cellulose 1.5 1.1 . . . . . . . . . . . . . . . . . . . .  _----- ------ 
1st step 1.2 .7 

tst  step 1.2 .99 

fir 2nd step 2 .91 . . . . . . . . . . . . . . . . . . . .  _-_--- ------ 
Oak 2nd step 2 1.3 

1st step 
2nd step poplar 

A (s-') E (kJ/mole) 

232 

72 
238 

Table IV : kinetic parameters calculated 
with the ratio method 

l S t  step 
2nd step I oak 

Table V : kinetic parameters calculated with 
the COATS-REDFERN method 

I poplar 2nd step 1 I 

A (s-') 

9.1 

E (kJ/mole) 

Table VI: kinetic parameters calculated with 
the BROIDO method 
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The Lffect  of Pressure on the Pyro lys i s  o f  Newsprint 

Havindra 6. Agrawal and Richard J. IIcCluskey 

Department of Chemical Engineering, Clarkson College,  Potsdam, New York 13676 

Introduct ion 

Several  pyrolysis  p l a n t s  designed t o  convert  such waste i n t o  use fu l  p o d u c t s  
have proven uneconomical. To h e l p  provide a s t r o w e r  d a t a  base f o r  improved 
pyrolysis  processes,  we have been StiidyirIg t h e  thermal chemistry o f  newsprint,  
t he  p r inc ip l e  c e l l u l o s i c  m a t e r i a l  i n  urban waste. Previously,  we have 
reported on the r a t e  o f  degradat ion a t  low pressure,  where secondary 
r e a c t i o n s  o f  py ro lys i s  products a r e  neg l ig ib l e  (1). This paper d i s c u s s e s  
the  inf luence o f  ambient pressure on newsprint pyrolysed a t  34OoC. 

a l t e r  product y i e l d s  from newsprint py ro lys i s  (2 ) ,  we have examined both 
untreated and ly0 HC1 washed n e w s p i n t .  

Pyrolysis  o f  any l i g n o c e l l u l o s i c  ma te r i a l  g i v e s  a h o s t  o f  d i f f e r e n t  
products which aTe usua l ly  c l a s s i f i e d  ds e i t h e r  c h a r s ,  tars, o r  gases  
depending upon t h e i r  v o l a t i l i t y .  Chars a r e  carbonaceous p o d u c t s ,  such as 
charcoal ,  t h a t  a s e  no t  v o l a t i l e ,  
compounds t h a t  a r e  v o l a t i l e  only a t  py ro lys i s  t enpe ra tu res ;  and gases  a r e  
those products having r e a d i l y  measureable vapor p re s su res  at  room temperature.  

ranging from c o t t o n  c e l l u l o s e  t o  wood, t h a t  py ro lys i s  i n  n i t rogen  at  
atmospheric pressure r e s u l t s  i n  lower tar y i e l d s  <and g r e a t e r  g a s  and cha r  
formation than py ro lys i s  i n  a strong vacuum ( 3  , 4 ) .  Th i s  d i f f e r e n c e  i n  
y i e l d s  has  been i n t e r p r e t e d  a s  due t o  secondary decomposition of tar 
molecules whose a b i l i t y  t o  e s c a p  From the  r e a c t i n g  s u b s t r a t e  is  reduced 
a t  higher  pressures .  
y i e l d s  is q u a l i t a t i v e l y  understood, t he re  e x i s t s  l i t t l e  q u a n t i t a t i v e  
information t h a t  a l lows mathematical modeling o f  t h i s  phenomena and, thereby,  
a c l e a r  l i n k  between low p res su re  py ro lys i s  experiments,  used t o  s tudy  
fundamental r e a c t i o n  k i n e t i c s ,  and i n d u s t r i a l  py ro lys i s  p o c e s s e s  c a r r i e d  
o u t  a t  atmospheric pressure.  

Experimental Frocedures 

a d e t a i l e d  account o f  our p o c e d u r e s  is provided i n  r e fe rence  ( I ) ,  only a 
b r i e f  ou t l i ne  w i l l  be given h e r e ,  

100 mg samples of  d r y ,  shredded newsprint a r e  weighed i n t o  a small 
aluminum f o i l  boat ,  ?he boa t  is sea l ed  i n t o  a coo l  end o f  t he  r e a c t o r  and 
a vacuum is drawn on t h e  system. 
pressure,  ni t rogen i s  bled slowly i n t o  t h e  system. 
chamber is brought t o  a temperature s l i g h t l y  above t h a t  o f  pyrolysis .  
Next, power is reduced t o  t h a t  necessary fo r  maintaining py ro lys i s  temperature 

by means of  a hand he ld  magnet. 
by a thermocouple embedded i n  t h e  newsprint.  

chamber, t he  co ld  t r a p s  are sea l ed  o f f ,  and t h e  r e a c t o r  is allowed t o  coo l ,  

There is na t iona l  concern over t he  d i s p s a l  of  s o l i d  municipal waste. 

Since a d i l u t e  ac id  wash pre-treatment has been shown t o  s i s n i f i c a n t l y  

T a r s  nre r e l a t i v e l y  high no lecu la r  weight 

Several  i n v e s t i g a t o r s  have shown, using a v a r i e t y  o f  c e l l u l o s i c  m a t e r i a l s ,  

Vhile t he  e f f e c t  o f  ambient p re s su re  on py ro lys i s  

A sketch of  our experimental  apparatus  is shown i n  Figure 1. Since 

If we a r e  examinin(: t h e  e f f e c t s  o f  ambient 
Then the  py ro lys i s  

1 and the  sample boa t  is quickly brought t o  t h e  c e n t e r  o f  t h e  py ro lys i s  zone 
1 

Sample temperature is cont inuously monitored 

After  a s e t  time per iod,  t h e  boa t  is quickly withdrawn from t h e  py ro lys i s  
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The weight of  r e s idue  i n  t h e  sample boat  i s  measured, and the  tar p r d u c t s  
a r e  r in sed  o f f  t he  cool  glass walls of t h e  r e a c t o r ' s  s i d e  a r m s  i n t o  t a r e d  
v i a l s .  In  t h i s  manner we can measure t h e  weights of r e s idue  and tar as a 
funct ion of py ro lys i s  time and pressure,  

Theory 

is n e g l i g i b l e  i n  py ro lys i s  experiments below one t o r r ,  and t h a t , A k J t ,  t h e  
d i f f e rence  between !Jt ,  
tine weight of tar formed a t  h ighe r  p e s s u r e ,  is a d i r e c t  measure o f  t he  
amount o f  secondary r e a c t i o n .  

t o  char  and gases  and repolymerizat ion with t h e  s u b s t r a t e ,  
r e a c t i o n  i s  homogeneous and first o rde r  i n  tar, the  r a t e  o f  secondary 
r e a c t i o n  i s  

Our b a s i c  assumptions a r e  t h a t  secondary decomposition o f  t a r  molecules 

t h e  weight of tar obtaice? bdc?: one t o r r ,  and v i t ' ,  

A tar molecule may undergo two types  of secondary r e a c t i o n s ,  decomposition 
If each type of  

d l l t  = (kd + $) d t "  1) 
d t  

where kd and $ a r e  the rate c o n s t a n t s  f o r  decomposition and repolymerizat ion,  
r e s p e c t i v e l y ,  and d t "  is  t h e  weight o f  tar molecules wi th in  t h e  heated 
newsprint.  

t o  p re s su re ,  Therefore,  i f  t h e  tars r a t e  o f  escapo from t h e  newsprint  is 
taken as p ropor t iona l  t o  t h e  amount of  tax i n  t h e  newsprint and i n v e r s e l y  
p o p o r t i o n a l  t o  p re s su re ,  t hen  

Diffusion c o e f f i c i e n t s  i n  low p res su re  gases a r e  i n v e r s e l y  p ropor t iona l  

where 4 is t h e  escape r a t e  per  u n i t  weight per u n i t  pressure.  

1 and 2 imp l i e s  t h a t  f o r  any t i m e  i n t e r v a l  du r ing  which t h e  amount o f  
repolymerized tar is unimportant r e l a t i v e  t o  t h e  amount o f  unreacted 

I f  kd, 1% and 4 a r e  independent o f  t ime, t hen  the  r a t i o  o f  equat ions 

news&nt 
n w t 
"I' - 

Simi la r ly ,  when r e a c t i o n  
f r a c t i o n a l  conversion t o  c h a r  

n i3 - 
A W t  

o f  repolymerized tar is  unimportant,  t he  
v i a  secondary decomposition may be e x p e s s e d  

= fcjkd + k, 4) 

For longer  py ro lys i s  t imes ,  when the  f a t e  of repolymerized tar molecules 
must be considered 

&A = fdkd + f r k r  5) 
b + k r  A '-4 t 

where 
and very low p res su re  pyrolyses ,  fd  is t h e  weight f r a c t i o n  of any tar 
molecule undergoing secondary decomposition t h a t  becomes c h a r ,  and fr is  
the  average weight of  cha r  r e s u l t i n g  from repolymerizat ion o f  one tar 
molecule. 
r i n F  s t r u c t u r e ,  t h e  repolymerized comcrund nay b? rrndisposed t o  form char  
end esses. 

A R  is  t h e  d i f f e r e n c e  i n  t h e  weight o f  r e s i d u e  ( cha r )  between higher  

If t h a  Te ro ly Ie r i za t ion  r-nct ion d i s r u p t s  t h e  t a r  mol eci i le ' s  
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hn f n t e r p s t i n e  parqmder  t o  consider  i s  t h e  r a t i o  of t h e  amount' o f  t a r  
escac ine  fron t h e  s u b s t r s t e  dur ine  =ny given time int .orv*l  =t, 'hi.zher r r e s s u r e  
t o  t h e  avaunt o f  tar formed i n  the  sane time i n t e r v a l  s t  very  l o w  yressure .  
If a l l  repolymerized m=t,er ia l  oventu-l7.v rlecomroses t o  char  snd gases ,  then 
t h i s  r e t i o  i s  

6 )  

I f  a recol.ynerized t l r  molecule can be rezeners ted ,  t.hen this r a t l o  w i l l  be 
I a r p e r  thnn t h e  va lue  r r e d i c t e d  by equat ion 6 . .  However, should t h e  Eresk- 
down t o  c h . r  of t h e  repolymerize6 meter ia l  induce o r  cs t=l .yze s u h s t r s t e  
ccnvorsion t o  char ,  then  t h e  Wtt/Wt,ratio w i l l  be l e s s  than Fredic ted  by 
equqtion 6 . 
Resul t s  

i n  F i e r e  2. 
i s  F lo t ted  versus t i l e ,  c o r p r i n p  700 t o r r  .qnd helow one t o r r  ryro!.yses 
of  100 mg of  gcid w-ched newsprint  a t  340OC. The u l t i m a t e  t a r  yie1.d a t  
700 t o r r  is 34 5 less than  a t  very  low Fressure ,  whi le  t h e  f i n a l  weight of 
r e s i r h e  (chPr) i? 32 5 g r e n t e r k t  7CO t o r r .  Not ice  t h a t  a t  both Frsssures  
t.here i s  an  i n i t i a l  r - r i d  genera t ion  o f  t a r .  

occurs  i n  two s tages :  
2 zero th  o r < e r  regc t ion :  2nd n subsequent ,  slaver deer -d- t ion  tht is f i r s t  
o rder  i n  r e m a i n h e  newsrr in t .  A . t  34OOC. t h e  r a p i d .  e a r l y  deFr-dst,ion is 
over v i ? h i n  t h r e e  n i r r ~ t , e s  of t h e  s e l r l e ' s  e n t r y  i n t o  t h e  p y r o l y s i s  zone. 
This  i n i t i . 1  r e - c t i o n  qccounts f o r  68 5 of  t h e  u l t i m a t e  t a r  product,ion. 
As seen i n  F icure  2 ,  t h e  remQinine 32 $ of t h e  t o r  i s  prcrluced l s r e e l y  
;liirinc t h o  n e r t  s i x t y  minutes of r y r o l y s i s ,  whi le  t h e  dej?r.-dstion r e s c t i o n  
follows a f i r s t  o rder  r - t e  1.w. 

f i rs t '  t h r e e  niinntes of r .wol .ysis .  
dpcomrosition and AR/AWt =re l i s t e d  f o r  6 0 t h  l c i d  w-shed qnd unt re- ted  
ne-rsprint. Far eqch s u b s t r q t e .  t h e  e x t e n t  of secondqry decomposition 
increases  uniforn1.y wi th  rmhient pressure .  The chqnge i n  t h e  sample r e s i d u e  
is nenr ly  3 cons tan t  f r - c t i o n  o f  t h e  change i n  weight of  recovered t a r .  
oR/4Wt. i s  not  2 func t ion  of .xnbient pressure .  

The r a t i o  of  t h e  .mount of secondsry renc+.io.? t o  t h e  amount of  
recovered t a r  i s  r l o t t e d  versus  pressure  i n  F igure  3, f a r  t h e  i n i t i . 1  
depmd- t ion  of both ac id  wrshed -.nd untreDted newsprint .  A s  yredic ted  by 
equat ion 3 , t h e  d i t 3  *re well f i t  by  a s t r a i s h t  l i n e  psss ing  through t h e  
or ig in .  Line-lr l e a s t  square fi ts  t o  t h e  d a t a  t h z t  are cons t ra ined  t o  pass 
through t h e  o r i g i n  a r e  included i n  F igure  3 . 
n r e  repor ted  i n  Table 1 d o n g  wi th  t h e i r  95% confidence l i r n i t s .  
(3). t h e s e  slopes r e r r e s e n t  t h e  r a t i o  o f  t h e  r a t e  of secon.'=ry t -r  re.-ct.ion 
t o  t h e  r s te  of  t a r  escape per u n i t  p ressure .  The l a r g e r  v3 lue  obtained 
f o r  t h e  - c i s  w-sherl n r w s r r i n t  suggests  t h a t  t h e  tprs  rroduced fuum a c i d  
washed n e ~ s r r i n t  a r e  - o m  r e - c t i v e  t h - n  t h e  t - r s  n r i s i n p  fror ,  un t rea ted  
n e w p i n t .  

two f .c tors ,  fa .  t h e  f r - c t i o n = l  c h s r  y i e l d  h r i n p  secondary decomrosition. 
end kd/krr t h e  r a t i o  of  t h e  r a t e  of  decnmposition t o  t h e  r z t e  of r e p o l y n e r i z ~ t i o r , .  

The inf luence  of ar?bient pressure  on r y r o l y s i s  y i e l d s  i s  i l l u s t r - t e d  
The weiFht of t a r  Froducts  2nd t h e  i re ight  of samrle r e s i d u e  

I n  our previous p a r e r  we noted t h a t  t.he t h e r n s l  degrad- t ion  of  newsFrint 
a f-st. i n i t i a l  deerad- t ion .  t h s t  can be nodeled 2s 

Tnhle 2 z ives  d q t s  d n c r i b i n e  t h e  second2ry d e c o r r o s i t i o n  ?ur ine  t h e  
The fr?ct ionn!  e x t e n t  of second-ry t a r  

The s loFes  of t h e s e  l i n e s  
From equat ion 

I s  seen from equat ion 0. , t h e  maenit.ude c f  t h e  6R/4Wt r q t i o  depends on 

303 



If we r r h i t r a r i l y  rdor,t a v n l i i e  f o r  f8 o f  0.2. t h e  ul t imrte  char  y i e l d  i n  
low pressure  ryrolvses,  then  t h e  k /k, r a t i o s  i m r l i e d  by t h e  
Ire 7.0 and 0.6 f o r  t h e  qcid w=sheg 9nd unt rea ted  news:rint, r e s r e c t i v e l y .  
The r o i n t  i s  th . t .  i r r n s r e c t i v e  of t h e  f d  v $ l u e ,  t h e  repolymerizat ion 
rP-ct . ions .re rel:t.iveIy .more i i p o r t * n t  in t h e  untretnted t h a n  i n  t h e  a c i d  
washed newsyrint. 

rr.vrolysis t i n e s  cgn he  a - thered  f rov  t h e  d a t i  i n  T-bye 2 .  n.t l onger  times 
t h e  amount of r e r c l , y e r i z n r l  T- ter iql  h-il-1 no longer  he  smsl l  i n  reg- rd  t r  t h e  
?mount of r e m i n i n g  s u b s t r = t e .  The ultinQteAR/AW r a t i c o  al-e given i n  
Tib le  2 f o r  bo th  gcid washed =nd unt rea ted  subs t rg tes ;  -These r a t i o s  show 
no r r e s s u r e  derendeico.liut they a r e  s l i g h t l y  h iqher  t h - n  t h e  cor res rondinp  
r a t i o s  3t t h e  end of o n l y  t h r e e  rninutes - y r o l y s i s  tine. 
ahhr forming r e l c t i o n s  a r e  pore p r e v a l e n t  a t  longer  pyro lys i s  times. 

Table  2 rlso lists t h e  r a t i o  o f  t h e  mount  of t a r  recovered i n  h igher  
r r e s s u r e  e q e r i m e n t s  t o  t h e  amount of t a r  f o r i e d  i n  low p r e s s u r e  pyrolyses  
f o r  p y r o l y s i s  tines g r e a t e r  t h a n  t h r e e  minutes. Also included i n  T*ble 2 
is t h e  v d u e  predic ted  f o r  t h i s  r a t i o  By-equat ion  
th .a t  a 1 1  reyol.ynerized w t e r i a l  e v e n t u r l l y  forms e i t h e r  char  o r  gqses. 
Wreenent  
f o r  the  lowes t  pressures .  where t h e  me9sured v l l u e s  f d l  below t h o s e  given 
by e m p t i o n  6 . 
t o  ca tn lyze  ch=r  formst ion i n  t h e  s u h s t r n t e .  althorigh t h e  effect i s  s u b t l e  
Dnd r m d i l y  msknd at. higher  l oad inas  o f  renolynerized t a r .  

S i i ~ ~ i  ry 
We h i v e  developer! I s i n r l e  icdel,h*sei! uron hopopereous f i rs t  order  

r e ~ c t i o n s .  f o r  de-crihinrr t,he inf luence  of  ambient r r e s s u r e  on newsprint 
r.yrn3,vsis. 
e s c = r e  rer u n i t  c ressureh=ve  heen o b t ’ l h e d  f o r  s c i d  v ~ s h e d  5nd u n t r e = t e d  
nevscr int , .  Tqrs  f r o m  t h -  r c i d  wpshed i ~ t e r i n l  I r n  lore 3r-t t.o decomrose 
v h i l e  t D r s  from u n t r e - t e d  n e v s r r i n t  hlvo = Freqter  l i k e l i h o o d  of re- 
colynerizine:  m d  then c- t -1yzir .e  char  forngt ion .  
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Table 1 - Early Secondary Decornrosition Repctions 

Acid Washed Newsprint Unt reRt nd Newsprint 
Pressure d t  O R  d t ,  A R  

(torr) W t  -+,in AT, p i n  ~ t .  3 min A% 3 min 

100 
175 
4On 

.072 .33 

.I? * 30 

.27 .2R 
700 .75 .29 

kd+kr (torr‘’) 8.15 2 .33 x x 

Pressure 
(torr) 

100 
4cc 
700 

175 
400 
700 

.026’ .80 

.036 .64 

.I1 .73 

. l P  .73 

3.07 2 .07 x lo” 

Table 2 - Loneer Time Secondary Reaction D n t i  

A R  Wtlm - ut*? k IP 
A T ,  o. W t t p  - Wt3 - X + kd + k, 

P 
.37 -75 .93 Acid Washed 
.36 .77 .75 News print 
.40 .69 .64 

.76 

.81 

.84 

.90 . PP. 

.P2 

.95 Untre?.ted 

.e9 Newsprint‘ 

.F2 

Fig. 1. Experimental apparatus: (A,A’) thermocouple wires; (B) sample hoat; (C) Pyrex cylinder; 
(D) insulated, quartz pyrolysis zone: (E. F. G )  cold traps: (H) sample port; ( I )  McLeod gauge; (.I) 
manometer; ( K )  connection to  vacuum pump: (1-5) PTFE valves. 
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I0Ol------ 

0 1 " ' '  
0 50 100 120 

Time in pyrolysis zone (mid 

F i g  2. 
y i e l d s  a t  340 C. 
s o l i d s  rep resen t  res idue.  
and 700 t o r r  (A). 

I n f l u e n c e  o f  amblent pressure on p y r o l y s i s  
Open f l g u r o s  represent  t a r s  and 

Pressures are 1 t o r r  ( 0 )  

I 

- 
100 400 TOO 

P (torr) 
F i g  3. R a t i o  o f  amount o f  secondary r e a c t i o n  to  tho  
amount o f  recovered t a r s  versus pressure.  
rep resen t  unwashed newspr in t  and s o l i d s  represent  11 
HCl washed n e n s p r i n t .  

Open f i g u r e s  
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Introduction 

The study of lignin pyrolysis has a vital importance since all lignin 
conversion processes, namely; combustion, liquefaction and gasification, are 
initiated by this step. 
of aromatic chelricals through the pyrolysis process. 
l i g n i n  conversion processes have been published by Goldstein (L), Drew (L), Goheen 
(2) and Coughlin and Avni, et.al., (4). 
Gavalas, et-al., (5) studied the pyrolysis of Kraft lignin using the captive sample 
technique. At 40O-65O0C for 10-120 sec, he claimed that a fundamental kinetic 
description of lignin pyrolysis was not possible at the time. 
lignin pyrolysis based on its model components and compared his simulations to 
previously published data (1). In a recent study by Avni, et.al., (8-9). the 
pyrolysis behavior of Iotech lignin was studied at different ambient pressures and 
heating rates. 

coal pyrolysis (10-12) applied to a heated grid as well as an entrained flow 
reactor, to the pyrolysis of lignin. Flash pyrolysis as well as slow heating rate 
pyrolysis was carried out in a heated grid (z), in which on-line, in-situ gas and 
tar analysis is performed by Fourier Transform Infrared (FT-IR) Spectroscopy. The 
model has proved to be successful in simulating the results of vacuum flash 
pyrolysis and slow heating rate pyrolysis for a variety of lignins. 

Lignin, a major component of biomass is a potential source 
Important recent reviews of 

Very few kinetic studies of lignin pyrolysis have been carried out recently. 

Klein (a) modeled 

This paper considers the appllcation of a recently developed pyrolysis model of 

Experimental 

Lignin Samples 

Seven lignins were used in the study; Table 1 compares the different lignins 
and their sources. Four of them were received from manufacturers while the last 
three were extracted in our laboratory. 
methoxy content of the lignins. 
under vacuum before the experiments. 

Flash Pyrolysis Experiments 

Table 2 shows the elemental composition and 
All lignin samples were dried for 48 hours at 108'C 

The flash pyrolysis apparatus is illustrated i n  Fig. 1. It consists of a 
heated grid pyrolyzer located in the center of a large gas cell with K B r  windows to 
allow FT-IR (Nicolet) analysis (13). The lignin is evenly distributed between two 
layers of stainless-steel cr tungsten screen which is electrically heated. Lignin 
temperatures of 1800°C and heatink rates in excess of 10,00OoC/sec for the highest 
temperatures can be achieved using a tungsten screen. 
performed in vacuum, the tar molecules quickly escape the grid and land on the cold 
glass. 

Evolution kinetics for gaseous species are determined with the FT-IR whlch 
pcrmltn low rt~troliirloli  npcv-1 rti ( R  w:iventimlwru) to he tnknn n t  RO miicc Intervals. 
The low retlolutlon aiiltlyels can daLrciulna CO, C02,  112(j, c1l4, SO , cs2, c211 , c2114, 
C3i16, bcnrenc, uiid licnvy porufcintl find olcflnti. Thc tlinc-tcm,,?.rritrlre cvolutlon for 

When flash pyrolysis is 
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each species can be determined from such scans as indicated in Fig. 2 which shows 
the CO yield as a function of time at several temperatures. 

The distribution of major products is determined hy weighing the lignin, the 
char (which remains on the screen) and the tar (which accumulates on a glass tube 
surrounding the grid) and by quantitative analysis of 0.5 wavenumber, FT-IR spectra 
of the evolved gas taken at the completion of a run. The high resolution spectra 
can quantitatively determine all of the above species plus C2H6, C H C H , NH3 
and potentially many other species which have not yet been observea.8’Cahfration 
of the FT-IR vas made using pure gases or prepared gas mixtures. Analysis of the 
solids was performed with the FT-IR and by elemental analysis. 

Constant Heating Rate Experiment 

Slow constant heating rate experiments with evolved gas analysis by Mass 
Spectrometry (MS) or Cas Chromatography (CC) has been used by several investigators 
to study coal (E-x). 
offers advantages over CC in speed and over HS in the ability to identify heavy tar 
materials. 

shown in Fig. 1. The sample is heated at a constant rste (3O0C/min) while gas 
evolution is monitored by FT-IR. The pyrolysis gas is swept from the cell with a 
constant flow of nitrogen (700 ml/min) at a pressure of 1 atm. 

Cas analysis by FT-IR, as used in the experiments here, 

Constant heating rate experiments were performed for lignin uaing the apparatus 

Pyrolysis Model 

The pyrolysis model assumes a lignin structure constisting of substituted 
phenyl-propane subunits linked by C-0 and C-C bonds. During thermal decomposition 
the relatively weak bonds break, releasing the tar which is comprised of monomers, 
dimers and trimers of phenyl-propane subunits. 
show a remarkable similarity to the parent lignin. 
comparison. 
polymers. 

competitive cracking of substituted groups and ring clusters to form the light 
molecular specie8 of the gas. 
functional group distribution in the original lignin. At low temperatures there is 
very little rearrangement of the lignin polymer but there is decomposition of the 
substituted groups and aliphatic structures resulting in CO release from the 
carbonyl, H20 from hydroxyl, hydrocarbon gases from aliphatgc and methoxy groups, 
and CO from weakly bound oxygen groups such as aldehyde groups. At high 
temperatures there is breaking and rearrangement of the aromatic rings. 
pyrolysis, the rearrangment of the lignin subunits permits H 
aromatic hydrogen. Additional CO form tightly bound oxygen functionalities. As 
this process continues the char becomes lnore graphitic. At high temperatures the 
FT-IR spectra of lignin char and coal char are remarkably similar, (see Figure 3d) 
both are highly aromatic. 
observed for a variety of coals nnd lignins in the heated grid experiments is that 
the temperature dependent evolution rate of C02 and CO are similar for all lignins 
and coals whlle the evolution rates of H20, CII,,. paraffins and tar from lignin vary 
slightly from coal, due to the different bridges between the ring clusters. 
rate of evoluticn of a specie will depend on the nature of the functional group 
which is its source but appears relatively insensitive to lignin source or 
extraction processes. The insenitivity of kinetic rates to coal rank has been 
reported in other investigations (14,18-21). 

XeTyrolysis used here has been presented 
previously (g-2). 
parallel independent evolution of the light species in competition with the tar 
evolution. 

similar in composition to the parent coal, the dry, ash-free (OAF) coal or lignin is 

The FT-IR spectra of the lignin tar 
Figure 3a-c shows such a 

Such similarity has also been observed for pyrolysis of coals and model 

A pyrolysis model should simulate the evolution of tar fragments and 

The yield of each gas species should depends on the 

Late in the 
to be evolved from the 2 

A striking feature of thermal decomposition which was 

The 

The mathematical description 
The model considers the removal of functional groups by a 

To model tllrac two competing potlw w l t h  on(: pnLh y l c l c l l n g  I I  product which IR 

308 



represented  as a rec tangular  area.  
according t o  the chemical composition of the  c o a l  c r  l ign in .  Yoi r e p r e s e n t s  t h e  
i n i c i a l  f r a c t i o n  of a p a r t i c u l a r  component (carboxyl, aromatic  hydrogen, e t c )  and 
t h e  sum of the Yo 's equals  1. 
( c a r b o n w l  i n t o  Cb,, aromatic hydrogen inco It2, e t c )  is represented by the  f i r s t  
order  diminishing of the  Yi dimension, y i d o i  exp(-kit). 
i n t o  a p o t e n t i a l  t a r  forming f r a c t i o n  Xo and a non-tar forming f r a c t i o n  1-X". 
eVOhtiOn Of the t a r  is represented by the  f i r s t  o rder  diminishing of t h e  X 
dimension X=Xo exp(-k t).  

Values f o r  Yo a r e  obtained 
from elemental  and FT-IR a n a l y s i s  and from t h e  heated g r i d  pyro lys i s  experiments 
( ~ , ~ , ~ ) .  The value of Xo is a t  present  a parameter of t h e  model. 
c o n t r o l l e d  by the oxygen and a l i p h a t i c  or hydroaromatic hydrogen content  of t h e  
l i g n i n  and can be inf luenced by pressure ,  p a r t i c l e  s i z e ,  bed geometry and the 
t ranspor t  p roper t ies  of t h e  pyro lys i s  medium. 

Figure 4-b shows t h e  i n i t i a l  s t a g e  of thermal decomposition during which the  
v o l a t i l e  components, H 2 0 ,  CO-loose and co2, evolve from t h e  hydroxyl, e ther- loose 
and carboxyl groups, respec t ive ly .  a long with a l i p h a t i c s  and t a r .  A t  a l a t e r  s t a g e  
(Fig. 4-C) CO-tight and H a r e  evolved from the e ther -c ight  and aromatic  hydrogen. 
Figure 4-d shows t h e  f i n a f  s t a t e  of t h e  char ,  t a r  and gas. 

composition of Io tech  Aspen l i g n i n .  
spec ies  evolut ion k i n e t i c s .  
e t . a l .  (24) f o r  descr ib ing  c o a l  weight loss .  
Anthony'rmodel t o  descr ibe  i n d i v i d u a l  spec ies  evolut ion.  
the  present  study. 

AS shown i n  Pig. 4a. t h e  Y dimension is div ided  

The evolu t ion  of each component i n t o  t h e  gas 

The X dimension i s  d iv ided  
The 

Figure 4-a showstthe i n i t i a l  s t a t e  of the  coal. 

It is 

Table 3 presents  t h e  k i n e t i c  r a t e s  used i n  t h e  model and t h e  f u n c t i o n a l  group 
A d l s t r i b u t e d  a c t i v a t i o n  energy is used f o r  

Such models were used by P i t t  (3) and by Anthony, 
Weimer and Nagan (16) employed 

This model was used i n  

Resul t s  and Discussion 

Figure 5 shows the  evolu t ion  r a t e s  of t h e  major gas spec ies  and t a r  from Io tech  
l i g n i n  a t  a constant  hea t ing  r a t e  pyro lys i s  of 30°C/min. 
evolu t ion  r a t e s ,  using t h e  parameters i n  Table 3 agree  v e l 1  with t h e  experimental  
r e s u l t s .  
f o r  coa l  and l ign in .  The experimental  CG evolu t ion  r a t e s  (Pig. 6 )  of s e v e r a l  l i g n i n s  
i n d i c a t e  a high temperature tight-CO and show the  i n s e n s i t i v i t y  of the evolu t ion  
r a t e  t o  the  l i g n i n  source or t h e  e x t r a c t i o n  processes  used. 

The methane evolu t ion  r a t e  sugges ts  a t i g h t l y  and loose ly  bound precursor .  
loose methane is probably from t h e  methoxy group of t h e  phenylpropane subuni t .  The 
methoxy content of Io tech  l i g n i n  is 17.01 v e i g h t  percent .  much higher  then any c o a l  
methoxy content. Figure 8 compares t h e  experimental  evolu t ion  rate of methane from 
Io tech  l i g n i n  and Pi t t sburgh  Seam c o a l ,  t h e  only d i f f e r e n c e  between t h e  two is t h e  
loose methane i n  t h e  l ign in .  The s i m i l a r i t y  between t h e  two can be explained i n  
l i g h t  of t h e  similar FT-IR s p e c t r a  ( see  Fig. 3-d) of l i g n i n  char and c o a l  char a t  
500°C and higher  temperatures. 
t o  the  s t a r t i f g  mater ia l s .  
near  2900 c m  
char  a t  500°C compared t o  t h e  r a t i o  i n  t h e  l i g n i n .  
r e s i d u a l  oxygen appears  t o  be predominantly e t h e r  type oxygen. 
the  methane evolut ion r a t e  of s e v e r a l  l i g n i n s ,  aga in  t h e  r a t e  is i n s e n s i t i v e  t o  the  
l i g n i n  source and e x t r a c t i o n  process. The r a t i o  of the  loose  methane t o  t i g h t  
methane peaks is changing from one l i g n i n  t o  another .  The r a t i o  seems t o  increase  
with an increase  i n  t h e  methoxy content  of t h e  l i g n i n  ( s e e  Table 2 f o r  methoxy 
content ) .  

The predicted t a r  evolu t ion  r a t e  is i n  e x c e l l e n t  agreement with the experimental  
data .  The a c t i v a t i o n  energy used f o r  t h e  s imula t ions  of t a r  evolu t ion  (48 kcal/mole 

1500 cal /mole)  is i n  a very good agreement with t h e  est imated a c t i v a t i o n  energy of 
t h e  e t h e r  l inkage (48 kcal/mole) connect ing the  phenylypropane subuni ts .  The 
a c t i v a t i o n  energies  have been ca lcu la ted  using t h e  group a d d i t i v i t y  theory of S. W. 
Benson (25.26). 
t a r  r a t e  curve on the  temperature sca le .  The d i f f e r e n c e s  i n  the t a r  r a t e s  between 

The s imulat ions of t h e  ' 

A s  was mentioned previously,  the  k i n e t i c  r a t e s  of CO and COP a r e  s i m i l a r  

The 

I n  both cases  t h e  char  is highly  aromatic  r e l a t i v e  
The r e l a t i v e  r a t i o  of t h e  a r e a  under the  a l i p h a t i c  peaks 

t o  the  aromatic  peaks near  800-l decreased d r a s t i c a l l y  i n  the  l i g n i n  
I n  both c o a l  and l i g n i n  the  

Figure 7 compared 

The DTGA of Io tech  l i g n i n  confirms t h e  l o c a t i o n  and shape of t h e  
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coal and lignin are due to the weak ether linkages that exist in the lignin between 
the polymer subunits; such weak linkages do not exist in coal. 

Figure 9 shows the gas yield versus pyrolysis time in a flash pyrolysis. 
major gas species evolved were CO, CO , H20 and paraffins, at a final static 
temperature of 5OO0C for 80 seconds. 'The simulations of the gas species obtained 
vith the parameters in Table 3 are in good agreemet with the data presented within 
the experimental errors. 
shows a higher fraction of tight-methane than is observed in the flash pyrolysis. 
There is no such indication with the rest of the gas species. 

temperatures of flash pyrolysis are shown in Fig. 2 where it is evident that the 
agreeement between theory and experiment is good. 

The 

The methane evolution in the slow heating rate experiments 

Yield of CO versus pyrolysis time in a flash pyrolysis at different 

Conclusions 

The experiments have shown that lignin pyrolysis kinetics are insensitive to lignin 
source or extracting process. 
fast heating rates, using the given model parameters. The lignin parameters of the 
model are related to the functional group composition of the lignin. 

Theory and experiment agree well for both slow and 
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TABLE 1 

LIGNIN SOURCE 

Lignin Wood Manufacturer Pretreatment 

Iotech Aspen Iotech Corp. steam explosion 
Stake Aspen Stake Tech. Ltd. autohydrolysis 
BEC Aspen Biological Energy --- 
Indulin Pine Westvaco 
Ethanol Aspen b a steam explosion 
HC 1 Aspen C a st’eam explosion 

Aspen d a steam explosion H2S04 

Cor:,. --- 

a) 
laboratory. 

b) 
The reaction is carried out in autoclave at 185OC for 1 hour. 

c) 25 g of wood was stirred for 4 hours with 500 g conc. 
temperature. After 20 hours water is added and the mixture is filtered and washed 
with soda solution. 

d) 25 g of wood is treated with 250 ml Of 72% H SO and stirred at room 
temperature for 2 hours, 2 volumes of water is a3de% and the mixture is 
filtered. The lignin is reflex for 1 hour in 125 ml 3% H2S04. 

The Aspen wood was steam-exploded by Iotech Corp. and extracted in our 

25 g of wood is mixed with 250 g of 43 WtZ ethanol in water mixture at pH 6. 

HCl st room 

TABLE 2 

ELEMENTAL COMPOSITION AND METHOXY CONTENT OF LIGNINS 

Lignin Iotech Indulin BEC Stake Ethanol HC1 H2s04 

C 63.44 64.35 66.84 60.61 65.57 52.33 61.54 

H 5.87 5.71 6.09 5.31 5.76 5.75 5.14 

0 29.94 27.69 27.04 33.39 28.37 40.08 31.83 

S 1.3 0.5 - - - - - 
Mineral 0.75 0.95 0.03 0.69 0.30 0.56 0.99 

Methoxyl 17.01 13.95 19.32 12.58 17.41 6.93 10.99 
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MODELING TAR COMPOSITION IN LIGNIN PYROLYSIS* 

llsiang-lhi King and Peter R. Solomon 

Advanced Fuel Research, 87 Church Street, East Hartford, CT 06108 

Eitan Avni and Robert W. Coughlin 

University of Connecticut, Storrs, CT 06268 

Lignin is an integral constituent in all vascular plants and an important 
alternative source of fuel and chemical feedstock. 
the properties of the substrate and is the initial step in any thermal process. 
better understanding of lignin pyrolysis, just as in the case of coal, is essential 
for developing lignin conversion processes. 

Lignin can be viewed as a coploymer consisting of phenylpropane units linked 
together by carbon-carbon and carbon-oxygen bonds (1). 
been developed recently to predict tar yield and composition for the pyrolysis of 
model homopolymers which simulate individual structural features of coal (2). In 
this paper, the depolymerization model is expanded to predict the pyrolysis behavior 
of a copolymer comprising up to seven different and randomly distributed monomers 
and applied to simulate the pyrolysis of an Aspen lignin. The effects of pyrolysis 
temperature and pressure on tar yield are examined. More importantly, this model 
predicts the molecular weight distributions for pyrolysis tars in detail and the 
predictions agree reasonably with the experimental results. 

Pyrolysis depends strongly on 
A 

A depolymerization model has 

EXPERIMENTAL 

An alkaline soluble lignin extracted from a steam-exploded Aspen wood was obtained 
from Iotech Corporation, Canada. The elemental composition is 63.4% C, 5.9% H, 
30.0% 0 (by difference), and 0.7% ash. 
constant heating rate and flash pyrolysis, were performed in an apparatus which 
employs an electrically heated grid within an infrared cell to provide on-line. 
in-situ analysis of evolved products by Fourier Transform Infrared (FT-IR) 
Spectrometry as presented in Fig. 1. In the constant heating rate experiments the 
cell was swept by a constant flow (700 ml/sec) of nitrogen gas to keep the cell 
pressure at 1 atm. In the flash pyrolysis experiments the cell vas closed. The 
FT-IR spectra were recorded on a Nicolet model 7199 FT-IR spectrometer. 
and char yields were obtained gravimetrically. The fjeld ionization mass 
spectrometry (FIMS) and elemental analysis were perEormed at SRI International and 
Calbraith Laboratories, respectively. 

The pyrolysis experiments, including 

Both tar 

THEORY FOR POLYMER PYROLYSIS 

Thermal depolymerization of macromolecules to produce volatile products requires: 1) 
cleavage of weak bonds, 2 )  stabilization of the free radicals by donatable hydrogen 
atoms, and 3) transport of the products away from the reaction zone. To understand 
the effect of these three factors. consider first the case in which the donatable 
hydrogen is unlimited. In pyrolysis, the depolymerization proceeds wiLh the random 
breaking of weak bonds until the fragments are small enough to vaporize. 
unlimited hydrogen, the poiymer will decompose completely into volatile products if 
at least the monomer can be vaporized under the reaction conditions. The actual 
distribution of monomer, dimer, trimer and higher molecular weight oligomers in the 

With 

*Work supported by the National Science Foundation under Contract #CPE-8107453 
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products w i l l  depend i n  d e t a i l  on the  r a t e  of bond breaking r e l a t i v e  t o  the  r a t e  of 
t r a n s p o r t  of t h e  fragments formed. Conditions which enhance t r a n s p o r t  r e l a t i v e  to  
bond breaking w i l l  increase  t h e  average molecular weight of the  v o l a t i l e  products. 
I n  cases  where donatabla  hydrogen is l imi ted ,  t h e  v o l a t i l e  y i e l d  w i l l  depend on the 
demand f o r  hydrogen; i.e.,  the  amount of hydrogen employed f o r  s t a b i l i z a t i o n  of 
products which a r e  c a r r i e d  away. For a given polymer, t h e  h igher  t h e  average 
molecular weight of the  v o l a t i l e  products  the  fewer t h e  broken bonds requi r ing  
s t a b i l i z a t i o n ,  and the  lower t h e  hydrogen demand per  weight of v o l a t i l e  product. 

The theory combines random cleavage of weak bonds with t ranspor t  of depolymerization 
fragments by vapor iza t ion  and d i f f u s i o n  t o  predic: product y i e l d  and composition. 
The assumptions i n  this ::wary include:  1) the  bonds between the  monomer u n i t s  in 
t h e  polymer molecule a r e  t h e  only weak bonds and equal ly  l i k e l y  t o  be cleaved; 2 )  
during an i n f i n i t e s i m a l  per iod of t i m e  t h e  p r o b a b i l i t y  of c leaving  simultaneously 
two weak bonds i n  one molecule is so small t h a t  i t  can be ignored, 3) the  melt i s  
homogeneous, i.e.,  t h e r e  is no concent ra t ion  and temperature grad ien t  in t h e  
p a r t i c l e ;  and 4 )  t h e  p a r t i c l e  is s p h e r i c a l  and i t s  r a d i u s  shr inks  propor t iona l ly  t o  
t h e  cubic r o o t  of its mass a s  t h e  r e a c t i o n  proceeds. The theory has been developed 
f o r  the  geometry i n d i c a t e d  in Fig. 2, where s p h e r i c a l  p a r t i c l e s  ( loca ted  wi th in  t h e  
heated grid), a r e  a t  the pyro lys i s  temperature while  t h e  temperature of t h e  c e l l  
wal l ,  where t a r  is condensed and c o l l e c t e d ,  is only s l i g h t l y  above room temperature. 
The p a r t i c l e  sPze and c e l l  diameter  a r e  not  shown t o  s c a l e  in Fig. 2, t h e  c e l l  
diameter is 5 c m  and t h e  mean p a r t i c l e  s i z e  is 0.3 mm. 

The theory cons iders  t h e  molecular weight d i s t r i b u t i o n  Qi i n  the  reac t ing  polymer 
and t h e  molecular weight d i s t r i b u t i o n  N 
q u a n t i t i e s  of the  polymeric component with DP 
t a r .  DP (degree of polymerizat ion)  is defined a s  t h e  number of monomer u n i t s  in a 
polymer molecule. The r a t e  of change of Q is 

of t h e  t a r ,  where Qi and N a r e  the  molar 
i i n  the r e a c t i n g  polymer and i n  the  

i 

where dF / d t  is the  r a t e  of formation f o r  t h e  component with DP = i from t h e  
decomposftion of components with DP > i i n  the r e a c t i n g  polymer, dB / d t  is t h e  r a t e  
of disappearance by decomposition f o r  t h e  component with DP = i i n  the  r e a c t i n g  
polymer, and dNi/dt is t h e  r a t e  of t r a n s p o r t  of fragments with DP = i from t h e  
p a r t i c l e  as  tar or gas. 

I n  t h e  following paragraphs w e  develop t h e  equat ions f o r  t h e  terms on the r i g h t  hand 
s i d e  of eq. 1. 

The terms dF / d t  and dBidt a r e  t h e  r a t e  of c r e a t i n g  and d i s t r u c t i o n  of oligomers 
with DP = i through the  cleavage of weak bonds. 
is assumed t o  be a f i r s t  o rder  process  wi th  a r a t e  cons tan t  t, i.e., t h e  rate a t  
which bonds break is k times t h e  number of breakable  bonds. 
weak bonds in t h e  polymeric component with DP - i and t h e  breaking of any one of 
them w i l l  remove t h a t  component from t h e  d i s t r i b u t i o n  parameter Q,. The r a t e  of 
d i s t r i b u t i o n  f o r  t h e  component i may be v r i t t e n ,  

The cleavage of these  weaks bonds 

Since t h e r e  a r e  (i - 1) 

The c r e a t i o n  of component i can occur  by t h e  d i s t r i b u t i o n  of a l l  components j with j 
For each component with DP =. j > i in t h e  r e a c t i n g  polymer, there  a r e  two 

ways of breaking weak bonds t o  form component with DP = i. thus ,  the r a t e  a t  which 
component i is c r e a t e d  from component j ie 

>i. 

(dYi/dt) j  - 2 k Qj 
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and 

where the DP of the starting homopolyer is a. 

As illustrated in Fig. 2, there are five weak h n d s  in the hewmer which decomposes 
to pentamer plus monomer by cleaving two different bonds, to tetramer plus dimer by 
cleaving another two different bonds, or to a pair of trimers by cleaving the middle 
bond. 
where i range from 1 to 5 .  

For component i to leave a particle as tar it must be volatile and be available 
within the particle (Q 
component with DP = i is 

Comparing equations 2 and 4, it is obvious that (dFi/dc)6 - (2/5)(dBb/dt) 
greater than 0). The maximum possible transport rate for 

= [number of particles][transport rate for component i from each particle] 

where w, r 
density of'the original polymer, respectively. 
DP = i from a particle of radius rp at any given time is 
following equation (2) 

and d are the starting weight of polymer, the particle radius and the 
The transport rate for oligomer with 

approximately given by the 

dvifdt 47[rpDi(Pi/RT) (Qi/$Qm) m= 6) 

where D 
with DPi- i ,  R is the gas constant. and T is temperature in K. Di and Pi can be 
estimated by the following equations (2,3,7) 

and Pi are the diffusion coefficient and the vapor pressure for oligomer 

5 Pi = (1.23~10 atm) e ~ p ( - 2 3 6 M ; ~ * ~ ~ ~ / T )  

where H is the molecular weight of component i 

The tar fraction Y, is defined as 
i 

i= I 
9) 

where M is the molecular weight of the polymer. 

This theory has been expanded to predict the pyrolysis behavior of a copolymer 
comprising up to seven different and randomly distributed monomers. 
theory is not included because of page limit. 
energy (E) and a frequency factor (A) were given to calculate the rate constant, k, 
using the following equation 

The expanded 
In each simulation, an activation 

t 
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k - A exp(-E/RT) 10) 

Other initial inputs include a, H, W, r , d, molecular weights of monomers, reaction 
pressure and the temperature of the particle as a function of time. At time zero, 

Qi - 0 i f i + a  

Ni = 0 

The simulation is carried out by keeping track of Q,, N , Y. k, and r 
step using equations 1 to 9. 
computations were performed on a PDP 11/23 computer. 

and 

at each time 
The time increment is kepi very smell. 'All 

INPUT INFORMATION 

Aspen is a hardwood and its milled wood lignin was reported to contain 57% of 
guaiacylpropane units and 43% syringylpropane units (4). 
results for lignin tars presented in Pigs. 3a and ha, in addition to the formation 
of coniferyl alcohol (MW 0 180), 3-guaiacyl-1-propanol (MW - 182), sinapaldehyde (MW - 208) and sinapyl alcohol (MW 210). other products derived from these compounds 
with concurrent formation of CO, CO , H20, CH4, C2H6, etc. were also detected in 
lignin tars. 
presented in Table 1. The compound with MW 418 ie probably dehydrobis-sinapyl 
alcohol vith biphenyl type linkage. Although it is a dilignol, It is treated as a 
monomer in this simulation because the linkage between the two C units is very 
stable under the pyrolysis conditions. Therefore, compounds witx MW 4 210 and the 
compound with MM = 418 are viewed as monomers in this simulation. 

Equation 8 was originally used to estimate vapor pressures for hydrocarbons. 
lignin and its tar contain fairly large amounts of oxygen, adjustment in the 
estimation of vapor pressure is necessary. Boiling points and molecular weights for 
selected relevant compounds are presented in Table 2. 
compounds, one hydrocarbon and one oxygen-containing compound, vith the same boiling 
point and assuming that compounde with the same boiling point show the same 
temperature dependence for vapor pressure, adjustments in molecular weights for 
selected groups are estimated and presented in Table 3. Accordingly, the adjusted 
molecular weights for the compounds in Table 1 are estimated and used in eq. 8 to 
estimate the vapor pressure. In this simulation, monomers with very similar 
molecular weights are treated as one entity and the molecular weights for the seven 
monomers are included i n  Table 4. The mole fractions for these compounds are 
assumed 80 that theoretical prediction can fit the PIMS result for lignin tar 
produced at 5OO0C (Pig. 3a). The monomers with W, ., 154, 196 and 210 contain one 
syringyl group and the monomer with MW = 418 contains two ayringyl groups. Thus, 
guaiacyl t o  syringyl ratio among these monomers is 40 to 60. This ratio is lower 
than that reported (4) for the milled wood lignin of Aspen (57% to 43%) and suggests 
that the bonds connected to ayringyl units are more reactive than those to guaiacyl 
units. The thermally most labile bond in lignin is the U-0-4 bond as shown below 

As indicated by PIMS 

One of the most probabe structures for each molecular weight is 

Since 

By comparing a pair of 

The rate constant for h 
been reported as 5 x loPk exp(-25,400/T) (5). An alkyl substituent at the benzylic 
position reduces the activation energy by about 3 Kcal according to some reported 
activation enerftes (5). Consequently, the rate constant for lignin pyrolysis is 
estimated as 10 exp(-24,000/T). 

olysis of the carbon-oxygen bond in benzyl phenyl ether has 
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A correlation between coal density and elemental composition on a dry mineral matter 
free (dmf) basis has been developed (6). 

I 

From this expression, the density for the Aspen lignin used in this study is 
estimated to be 1.43 g/cm3. 
simulation. 
weight of the original polymer 

The particle radius of G.03 mm is used in this 
DP of the original polymer, a, is assumed to be 50 and the molecular 

M = 50 (0.4 x 180 + 0.6 x 210) 9900 g/mole 

RESULTS &XI DISCUSSION 

Fraction of Potentially Depolymerized Bonds (Fpdb) 

The fraction of potentially depolymerized bonds (F 
weak bonds whose resulting free radicals can be stH)ffklized by donatable hydrogen 
atoms. In the pyrolysis of lignin, some weak bonds convert to much stronger bonds, 
e-g., conversion of carbon-carbon single bond to double bond as a result of hydrogen 
donation, thus, F is usaully less than one. F depends on the structure of 
lignin and on the'gkaction conditions and is one If the most important factors in 
determining the char yield. F db should be regarded as an adjustable parameter in 
the simulation. 
When x becomes equal to F db then there will be no additional bond cleavagg, 1.e.. 
dFi/dtCand dBi/dt in equatlon 1 are zeros. 

Effect of Reaction Temperature 

The molecular weight distribution of tar is determined by the competition between 
transport and deconposition for all possible com2onents. For a certain component, 
if transport is much faster than decomposition, it transports away to tar fraction 

' before it decomposes, otherwise. a fraction or all of this component remains on the 
heated grid and decomposes to smaller components. An increase in temperature 
accelerates bosh transport and decomposition, however, the increase in decomposition 
rate is more significant. Consequently, a higher reaction temperature favors the 
formation of tar components with higher volatilities or lower molecular weights. 

The effect of reaction temperature has been examined experimentally. Pyrolysis 
experiments of Aspen lignin were performed at 500°C and 65OoC. FIMS results for the 
tar samples are presented in Figs. 3a and 4a. The major products are monolignols 
and dilignols along with small amounts of trilignols. 
weight (E ) decreases from 388 to 333 as reaction temperature increases from 5OOOC 
to 650°C.n The yields of dilignols and triliqnols at 650'C are less than those at 
50OOC. Theoretical predictions (assuming F = 0.5) presented in Figs. 3b and 4b 
show the same patterns of molecular weight Rfstributions although the predicted 
number average molecular weights are smaller than the experimental ones. 

Effect of External Pressure 

The transport rate decreases as the external pressure increases at a constant 
temperature while the decomposition rate is independent of the pressure of inert 
gas. Consequently, a higher external pressure suppresses the formations of tar 
components with higher oiolecular weights. 
of inert gas pressure is presented in Fig. 5b. Under 4 atm of nitrogen, only 
compounds MW 
tar sample produced under these conditions is presented in Fig. 5a. The predicted 
reduction in molecular weight is observed but is not as drastic as predicted. The 
data show a smaller ratio of dimer to monomer and ver little trimer compared to a 
tar obtained at slightly lower temperature at 2 tdrr, Fig. 3n. Ilut the theory 

) is defined as the fraction of 

db' In each computgr simulation, a certain value is used for F 

The number average molecular 

Theoretical prediction at 550°C and 4 atm 

210 are produced in significant amounts. The FIMS spectrum for the 
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predicts no dimers or trimers, suggesting some modifications of the pressure and 
molecular weight dependence of the diffusion coefficient and vapor pressure, 
equations 7 and 8, may be required. 

A higher external pressure results in a smaller average molecular weight for 
volatile products and therefore an increased usage of donatable hydrogen per weight 
of volatile products. 
pyrolysis, the increased hydrogen usage results in a higher char yield. 
has been verified experimentally. 
44% as the pressure af Gitrogen increases from 2 torr to 4 atm. 
predictions of the char yields are 44% at 2 torr (assuming Fpdb = 0.5) and 55% at 4 
atm (assuming F db = 0.75, a smaller value of 
yield) and agreg reasonably with the experimenta! results. 

Constant Heating Rate Experiment 

The heating rate for lignin pyrolysis is 3O0C/min acd the pressure of nitrogen is 1 
atm. 
baseline scattering in the R-IR spectra, is presented in Fig. 6. The solid line in 
Fig. 6 is the theoretical fit and its width is about 1/5 of that for the 
experimental data. This difference is due to the fact that there are different 
types of bonds between the C units in lignin and indicates the need to expand this 
theory to include a distribueion of activation energies. 
in its present form can not predict the evolutions of gaseous products. The theory 
described in the following paper has these capabilities. Thus, incorporation of 
these two theories will provide the much needed tool to predict the behavior of 
lignin in pyrolysis reactions. 

SUMMARY 

A depolymerization theory has been devsloped to predict the molecular weight 
distributions for lignin tars produced in various pyrolysis reactions. 
predict the char yield semiquantitatively. Incorporation of this theory with the 
theory described in the following paper will provide the much needed predicting 
capability for lignin pyrolysis. 

ReFERENCES 

Because the donatable hydrogen is limited in lignin 

At 550'C. the char yield increases from 33% to 
This effect 

Theoretical 

F db leads to an even higher char , 

The time and temperature dependent tar evolution rate, monitored by the 

In addition, this theory 

It can also 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Freudenberg, K. and Neish, A.C. "Constitution and Biosynthesis of Lignin", 
Springer-Verlag, New York. 1968 

Solomon, P.R. and King, 8.-H. Pyrolysis of Model Polymers: Theory and 
Experiments, submitted to Fuel 

Unger, P.E. and Suuberg. E.M. "Eighteenth Symposium (International) on 
Combustion", The Combustion Institute, Pittsburgh. PA, 1981, p. 1203 

Sarkanen, K.V. and Hergert, H.L. "Lignins", (Ed. Sarkanen, K.V. and 
Ludwig, C.H.), Wiley Interscience, New York, 1971, p. 43 

Stein, S.E. "New Approaches in Coal Chemistry", (Ed. Blaustein. B.D., 
Bockrath, B.C. and Friedman, S.) Am. Chem. SOC. Symp. Series, 169, Am. Chem. 
Soc., Washington, DC, 1981, p.97 

Neavel, R.C., Hippo, E.J., Smith. S.E. and Miller, R.N. Preprints Am. 
Chem. SOC. Div. Fuel Chem., 1980, 25 (3). 246 

Perry, R.H. and Chilton. C.H. "Chemical Engineer's Handbook", Fifth Ed., 
McCraw-Hill, New York, 1973, Secticn 3 

324 



B 

Y a s  a 0 
'" 

- n 
d 

0 
f 2 

u 0 -. I 0 - 

325 



1 
E 

" S  
"j 

s 
8 

1 
E 
8 

0 

I 
I 

N h 





d 

U I S N B J N I  

0 0 co 
m m 0 

4 U I S N 3 J N I  

el XLISNBLNI 

U 
N 
m 

I 

E= 
0 0 rD 

0 0 VI 

o m  

z 2  
0 0 m - 
0 .o ' N  

0 m 2 
m ALISNBJNI 

328 



4 ' .  

AL1SNB.I.N I 

0 0 W 

0 0 I. 

0 0 .n 
h u 
0 0- 
0 I A W  

e: e O H  

w z s  
s 

o c  0 m 

0 0 N 

0 0 - 
0 

0 0 fi 

0 0 to 

0 s: 

o m  o m  

* 2  
0 0 0 

0 0 N 

0 t - 
AI. 1 SNXLN I 

329 



MODELING OF PHYSICAL AND CHEMICAL PROCESSES WRING PYROLYSIS 
OF A LARGE BIOMASS PELLET WITH EXPERIMENTAL VERIFICATION 

R .  Chan and B.B. Kr ieger  
Dept. o f  Chemical Engineering,Univ.  o f  Washington 

Benson Ha l l  BF-10 S e a t t l e ,  WA 98195 

INTRODUCTION 
A d e s i r e  fo r  op t imal  energy  recovery  from biomass has  l e d  t o  furnace  

s imula t ion  ( 1 )  and i n t e r e s t  i n  chemicals product ion  has led  to biomass g a s i f i e r  
modeling (2) .  However, g loba l  c o n s i d e r a t i o n s  employed i n  t hese  models g ive  
l i t t l e  i n s i g h t  i n t o  fundamental  phys ica l  and chemical p rocesses  occur ing  i n  
ind iv idua l  biomass p a r t i c l e s  du r ing  d e v o l a t i l i z a t i o n .  I n  prev ious  s t u d i e s  
address ing  t h e s e  processes ,  t h e  emphasis has  been on burning times ( 3 ) ,  h e a t  
t r a n s f e r  r a t e s  (41, and weight loss rates (5) r a t h e r  than  de ta i l ed  p r e d i c t i o n  of 
v o l a t i l e s  composition dur ing  py ro lys i s .  Deta i led  i n t r i n s i c  k i n e t i c s  s t u d i e s  of 
small biomass p a r t i c l e s  to de termine  py ro lys i s  product d i s t r i b u t i o n  as a 
func t ion  o f  temperature and time have been conducted (6 ,7) .  However, t h e  
r e s u l t s  em cor re l a t ed  with A r r h m i u s  type  equa t ions  using b e s t - f i t  parameters 
r a t h e r  than parameters r e l a t e d  to chemical s t r u c t u r e .  The l a t t e r  I s  a d i f f i c u l t  
t a s k  given t h e  d ive r se  p h y s i c a l  na tu re  of biomass ( 8 )  and t h e  complex molecular 
s t r u c t u r e  of t h e  n a t u r a l  polymers of which it is composed (9). Indeed, t h e  
e f f e c t s  of p a r t i c l e  s i z e  and phys ica l  mic ros t ruc tu re  ( an i so t ropy)  on 
d e v o l a t i l i z a t i o n  have n o t  been s y s t e m a t i c a l l y  inves t iga t ed  i n  exper iments ,  nor 
modeled using fundamental  p r i n c i p l e s .  To what e x t e n t  t h e  i n t e r n a l  geometry o f  
t h e  mod in f luences  t h e  rates o f  h e a t  and mass t r a n s f e r ,  and thus  t h e  r e a c t i o n  
products ’  composition, is l a r g e l y  unkmwn. O f  p a r t i c u l a r  importance is t h e  
a b i l i t y  to p r e d i c t  t h e  r e l a t i v e  propor t ions  o f  cha r ,  tar, and gas (and 
components t h e r e i n )  t h a t  r e s u l t  from a given biomass thermal convers ion  process  
and given feeds tock .  

The gca l  of t h i s  uork is t o  use fundamental cons ide ra t ions  to p r e d i c t  
changes i n  biomass p y r o l y s i s  p roduc t  composition. The approach taken ki to 
model a s ing le ,  wel l -charac te r ized  biomass p e l l e t  under vary ing  cond i t ions  
du r ing  pyro lys i s .  Th i s  model can then be used to r e f l n e  t h e  g a s i f i e r  and 
combustor models when a s u i t a b l e  d i s t r i b u t i o n  func t ion  f o r  t h e  feeds tock  
c h a r a c t e r i s t i c s  is determined. Independent v a r i a b l e s  are f eeds tock  
charac terist ics ( p a r t i c l e  s i z e ,  d e n s i t y ,  mois ture ,  composition) and thermal  
conversion process c h a r a c t e r i s t i c s  ( h e a t i n g  ra te ,  d i l u e n t  g a s  composition).  
Dependent v a r i a b l e s  pred ic ted  are i n s t an taneous  p a r t i c l e  temperature and d e n s i t y  
p r o f i l e s ,  gas and tar r e l e a s e  rates, and char  y i e l d s  a s  well as u l t i m a t e  y i e l d s .  

For v e r i f i c a t i o n  of t h e  model, exper iments  e r e  conducted accord ing  to a 
Box-Behnken des ign ( l0 ) .  A 1-D model is presented here  for comparison wi th  t h e  
exper iments ,  and a 2-D model is be ing  developed. Understanding gained from t h i s  
model w i l l  a i d  i n  process  des ign  f o r  biomass g a s i f i c a t i o n ,  wood combustor 
des ign ,  a s  vel1 as  a i d  i n  fire s a f e t y .  

BRIEF EXPERIMENTAL DESCRIPTION 
The experimental  a p p a r a t u s  i s  descr ibed  i n  d e t a i l  elsewhere (11-13). 

B r i e f l y ,  it is a s i n g l e  p a r t i c l e ,  .l-D r e a c t o r .  One f ace  of a wel l -charac te r ized  
c y l i n d e r  o f  wood, compressed sawdust,  c e l l u l o s e ,  ar p g n i n  is heated by a 
combustion- l e v e l  r a d i a n t  hea t  source  (4-12 cal/cm -SI. A s  t h e  temperature 
f r o n t  a t  which r e a c t i o n  occurs  moves inward, v o l a t i l e  s p e c i e s  f low toward t h e  
heated f ace  under a slight pressure  g r a d i e n t .  The escaping  v o l a t i l e s  reduce t h e  
i n c i d e n t  r a d i a t i o n  and t h e  time- dependent magnitude of t h i s  e f f e c t  is 
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quan t i f i ed  (11) .  The progress  of t h e  temperature f r o n t  is monitored by 3 

measured wi th  an  i n f r a  red pyrometer.  Density p r o f l l e s  a long  t h e  l e n g t h  of t h e  
p e l l e t  ( i n t eg ra t ed  over  t h e  d iameter )  are taken v i a  an X-ray technique. 

Outflowing v o l a t i l e s  a r e  r a p i d l y  quenched by helium and swept to a co ld  
t r a p  where water and t a r s  are co l l ec t ed  and amlyzed  i n  d e t a i l  (11 )  as  a 
t ime-integrated sample . Uncondensed g a s e s  a r e  sampled every  3-15 sec by a n  

, thermocouples a t  2,  4 ,  and 6 mn from t h e  su r f ace  and the  su r face  tempera ture  i s  

Heat Trans fe r  Model 
A one d imens ioml  energy ba lance  on t h e  d e v o l a t i l i z i n g  p a r t i c l e  i s  

schemat ica l ly  shown i n  F ig .  1. A t ime-varying r a d i a n t  h e a t  f lux  ( Q l ) ,  uniform 
i n  t h e  r a d i a l  d i r e c t i o n ,  h e a t s  t h e  f ace  of t h e  p a r t i c l e .  Conduction ( Q U I  is  
o f f s e t  by v o l a t i l e s  ou t f low (Q6). The v o l a t i l e s  are assumed to be i n  thermal  
equi l ibr ium wi th  the  s o l i d  behind t h e  r e a g t i o n  f r o n t  a s  they  f low and 
are assumed to flow i n  one d i r e c t i o n  only  . 

The hea t s  o f  r e a c t i o n  fo r  mod  are no t  well-known and they  have been 
observed t o  be func t ions  of p a r t i c l e  s ize  (15) .  I n  t h i s  model, t h e  l a t e n t  h e a t  
o f  water is t r ea t ed  a s  a h e a t  o f  r eac t ion (Q 1, and t h e  hea t  o f  t h e  
d e v o l a t i l i z a t i o n  r e a c t i o n  (lumped wi th  Q is ' treated as a parameter u s ing  
published va lues  a s  bounds (16).  

I n  t h e  r a d i a l  d i r e c t i o n ,  t h e  c y l i n d e r  i s  considered in su la t ed  and 
impermeable. The heated f ace  boundary cond i t ion  inc ludes  r a d i a t i o n  hea t  l o s s  
(Q and convection hea t  loss (Q2) which is described us ing  t h e  c a r r i e r  gas  
f l Jwra te .  The outflowing C 0 2  ,and H20 abso rb  t h e  inc iden t  r ad ia t ion .  Th i s  
phenomena is t r ea t ed  using an  es t imated  absorp t ion  c o e f f i c i e n t  fo r  water i n  t h e  
model, t h e  inc iden t  r a q i a t i o n  is reduced by an amount cor responding  to t h e  
in s t an taneous  water outflow. The unheated face is considered impermeable to 
v o l a t i l e s  owing to t h e  imposed p res su re .  Rad ia t ive  (Q8) and convec t ive  h e a t  
l o s s  (Q a t  t h i s  su r f ace  are t r e a t e d ,  however. The f i l m  h e a t  t r a n s e r  
c c e f f i c i z n t  a t  each f ace  was ca l cu la t ed  us ing  Nusse l t  number c o r r e l a t i o n s  and 
t h e  p r o p e r t i e s  and f lowra te  o f  helium a t  c o n d i t i o n s  of t h e  experiments.  

1 21t h a s  been ve r i f i ed  by Lee, e t  a l ,  (17) .  
Experimental ve r i f i ca t ion  of t h e  n e t  r a d i a t i o n  a r r i v i n g  a t  t h e  

s u r f a c e  du r ing  a t y p i c a l  run  was accomplished us ing  a Medtherm hea t  
f l u x  gauge. These r e s u l t s  were matched to t h e  model u s ing  a va lue  f o r  
t h e  abso rp t ion  c o e f f i c i e n t  which was a b e s t - f i t  parameter. 

--__ 

outward, 

5 

and 

_______---_-_________ 
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For most previous  modeling s t u d i e s ,  t h e  thermal  conduc t iv i ty  and hea t  
capac i ty  of rood w e r e  modeled as  l i n e a r  func t ions  o f  t h e  in i t ia l  and f inal  
(char) values (18)  us ing  e i t h e r  t h e  p o r o s i t y  or dens i ty  change (18-21). It 
should be observed, however, t h a t  t hese  nwdels r equ i r e  a f i n a l  cha r  dens i ty ,  
hea t  capac i ty ,  and c o n d u c t i v i t y  f o r  every case cons idered ,  r e s t r i c t i n g  t h e i r  
u t i l i t y  and prede termining  t h e  ca l cu la t ed  &ar y ie ld .  A d d i t i o r a l l y ,  i n  t h i s  
study experimental  measumments of temperature p r o f i l e s  a s  a func t ion  of time 
indica ted  t h a t  t h e  thermal  conduc t iv i ty  was a n  o r d e r  of magnitude h igher  t h a n  
would be  p red ic t ed  i f  it were a func t ion  of d e n s i t y  a lone .  Unfo r tu ra t e ly ,  few 
measurements of m o d  the rma l  p rope r t i e s  have been a d e  a t  h igh  temperature 
because o f  t h e  a t t e n d a n t  chemica l  r eac t ion .  Thermal conduc t iv i ty  was measured 
for our samples a t  low t empera tures  and a model amlogous  to Birkebak and Ozi l  
(22) was d e v e l o p d  to d e s c r i b e  a r a d i a t i o n  c o n t r i b u t i o n  to t h e  temperature 
v a r i z t i o n  (11.13). The hea t  capac i ty  and p o r o s i t y  of wood were described by 
l i n e a r  func t ions  of t h e  d e n s i t y ( l l , l 3 ) .  

Chemical Reaction Model 
A schemat ic  of t h e  chemical r e a c t i o n s  considered and the  lumping scheme fo r  

g a s ,  t a r ,  and secondary  gases  i s  given i n  Table  1. Rate c c e f f i c i e n t s  f o r  
r e a c t i o n s  1,2 and 4 were taken  from Ref. ( 6 ) .  Tar c rack ing  r e a c t i o n  ra tes  ( k  ) 
were taken from Refs. (23) and (24) and a lpha  and be ta  are a d j u s t a b l e .  d e  
c h a r  production rate ( k  ) i s  es t imated  from t h e  work of Shaf lzadeh ,  who has  
measured t h e  arithmetic3sum of cha r  production and gas product ion  ( 2 5 ) .  I n  t h i s  
work ,k must be viewed as a parameter ,  and as discussed below, t h e  model is 
e x t r e m h y  s e n s i t i v e  to its va lue .  Water product ion  by evapora t ion  and 
dehydra t ion  r e a c t i o n s  are lumped (kq )  and t r ea t ed  as a n  a c t i v a t e d  process.  The 
genera t ion  term i n  t h e  energy equa t ion  con ta ins  t h e  hea t  of vapor i za t ion  of 
water, s ince  it is l a r g e r  t h a n  t h e  h e a t s  of r e a c t i o n  measured for hood (15,16). 

Mass Trans fe r  Model 
I n  prev ious  models, w i th  a s i n g l e  r e a c t i o n  s t e p  (weight  loss k i n e t i c s ) ,  t h e  

product  d i s t r i b u t i o n  is una l t e red  b y  t h e  presence  or absence of  a f i n i t e  mass 
t r a n s f e r  rate (26) s i n c e  on ly  a lumped gas s p e c i e s  is descr ibed .  The only  
p o s s i b l e  impl ica t ion  of a slow mass t r a n s f e r  s t e p  is a delayed appearance of t h e  
v o l a t i l e s .  The experimental  s t u d i e s  (11)  ind ica t ed  t h a t  a mass t r a n s f e r  
r e s i s t a n c e  was not  s i g n i f i c a n t  for hea t ing  p a r a l l e l  t o  t h e  g r a i n  d i r e c t i o n .  
S ince  t h e  model is one d imens iona l ,  an i so t ropy  is n o t  treated and inc lus ion  of a 
mass t r a n s f e r  r e s i s t a n c e  a t  t h i s  stage is not warranted. The previous  a r a l y s i s  
of c h a r a c t e r i s t i c  times fo r  mass t r a n s f e r  is c o n s i s t e n t  wi th  t h i s  observa t ion  
and the  r a t h e r  open parous  s t r u c t u r e  of wood. For comparison to experiment,  t h e  
v o l a t i l e s  mass f l u x  i s  computed as the  in s t an taneous  i n t e g r a l  ove r  t h e  pellet 
l e n g t h  o f  t h e  local t o t a l  change i n  d e n s i t y  (11,131, 

Numerical Method and Equat ions  
Limited space i n  t h e  p r e p r i n t  p reven t s  t h e  p re sen ta t ion  of the  de t a i l ed  

equat ions .  However, earl ier ve r s ions  of t h e  m d e l  equa t ions  appear  i n  Ref. 
( 1 1 )  and t h e  cu r ren t  model w i l l  b e  d e t a i l e d  i n  a forthcoming p u b l i c a t i o n  (13) .  
The coupled p a r t i a l  d i f f e r e n t i a l  equa t ions  f o r  t h e  p e l l e t  t empera ture ,  and 
s p e c i e s  concen t r a t ions  are solved i n  d imens ionless  form us ing  a GEARB package 
(F in layson ,  1980). For ease of comparison wi th  exper imenta l  r e s u l t s ,  i n  t h i s  
paper  model p r e d i c t i o n s  are given in dimens iora l  f o r m .  The cases of t h i c k  
p e l l e t s  heated by high h e a t  f l u x  r e s u l t  i n  ve ry  s h a r p  temperature and r e a c t i o n  
f r o n t s  which lead  to "stiff" systems of equa t ions .  Computation times and 
comnents appear  i n  Refs. 11 and 13. 

~~- 
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RESULTS AND DISCUSSION 

Comparison of t h e  measurements to model p r e d i c t i o n s  of t h e  unsteady 
temperature profile a s  a funct ion of t ime a t  3 l o c a t i o n s  a r e  shown In Fig.  2 
f o r  t h e  case of an intermediate  hea t  f l ux  and t h e  t h i n n e s t  p a r t i c l e ,  0.5 Cm. 
The model ove rp red ic t s  t h e  temperature a t  s h o r t  r e a c t i o n  t imes,  b u t  
s a t i s f a c t o r i l y  p r e d i c t s  t h e  pseudo-steady temperatures  a t  s e v e r a l  dep ths  a f t e r  
200-30  secs .  For o t h e r  cases ,  s i m i l a r  ove rp red ic t ion  occurs  e a r l y  i n  t h e  
py ro lys i s ,  tut t h e  s teady s t a t e  temperatures  an? i n  agreement with experiment 
even fo r  t h e  highest  h e a t  f lux and t h i c k e s t  p a r t i c l e .  Previous s t u d i e s  (5,18) 
reported on ly  p r e d i c t i o n s  of s teady s t a t e  temperatures .  It is f e l t  t h a t  
ref inement  of t he  absorpt ion model f o r  t h e  n e t  r a d i a n t  h e a t i n g  of t h e  wood 
s u r f a c e  w i l l  enhance agreement of temperature p r o f i l e s  i n  t h e  e a r l y  r e a c t i o n  
per iod (11 ) .  

Fig. 3 presen t s  t h e  comparison of  predicted gas r e l e a s e  r a t e  to 
experimental  measurements f o r  t h e  same case  a s  Fig.  2. Only uncondensed g a s  
f l u x  (not  t a r  and water)  is presented in t h e  f i g u r e .  A s  can be seen both t h e  
magnitude and shape of t he  v o l a t i l e s  r e l e a s e  curve a g r e e  r a t h e r  w e l l  w i t h  
experiment.  Correct ion of t h e  temperature ove rp red ic t ion  discussed e a r l i e r  W i l l  
d e l ay  the  predicted g a s  r e l e a s e ,  i n  b e t t e r  agreement wi th  experiment.  

Extensive comparisons between model and experiment cannot be presented;  
however, s i m i l a r  agreement t o  t h a t  shorn In F igs .  2 and 3 e x i s t s  f o r  most c a s e s  
st u d i e d  by experiment. Numerical d i f f i c u l t i e s  a r e  encountered fo r  t h e  c a s e s  
with t h e  sha rpes t  f r o n t s ,  i . e . ,  s t e e p e s t  temperature g r a d i e n t s  r e s u l t i n g  from 
high h e a t  f l ux  and t h i ck  samples. O s c i l l a t i o n s  i n  t h e  temperature and d e n s i t y  
p r o f i l e s  occur and a refinement of t h e  numerical  methods is ind ica t ed  (27) .  
However, t h e s e  o s c i l l a t i o n s  have l i t t l e  e f f e c t  on t h e  p r e d i c t i o n  of  Ult imate  
product d i s t r i b u t i o n .  As shorn i n  Table  2 ,  t h e r e  is s a t i s f a c t o r y  agreement 
between predicted and measured gas, t a r ,  and cha r  y i e l d  fo r  most cases .  
Agreement between these  va lues  was s u b s t a n t i a l l y  improved when t h e  experimental  
mass balance on water  was very c a r e f u l l y  analyzed and when t h e  moisture r e l e a s e  
r a t e  i n  t h e  chemical r e a c t i o n  model and t h e  energy balance was included.  

A s i g n i f i c a n t  advance r e s u l t i n g  from t h i s  modeling approach is t h a t  i t  is 
unnecessary to assume or measure a f i n a l  value for cha r  y i e l d  and thermal 
p r o p e r t i e s .  Since char depos i t i on  is e x p l i c i t l y  t r ea t ed  in t h e  chemical 
r e a c t i o n  model, it is o f  i n t e r e s t  to examine F ig .  4 i n  which t h e  l o c a l  d e n s i t y  
o f  char is presented a s  a func t ion  of r e a c t i o n  time f o r  a case s i m i l a r  t o  those  
p rev ious ly  discussed.  There is a s l i g h t l y  g r e a t e r  f r a c t i o n  of char produced 
when t h e  r e a c t i o n  f r o n t  is deeper  in t h e  sample, owing to t h e  reduced h e a t i n g  
r a t e  experienced t h e r e .  This  is c o n s i s t e n t  with gene ra l  obse rva t ions  i n  c o a l  
and mod pyro lys i s  t h a t  i n d i c a t e  char y i e l d  i n c r e a s e s  with slower heat ing.  
S ince  m char g a s i f i c a t i o n  r e a c t i o n s  are c u r r e n t l y  incorporated i n t o  t h e  
r e a c t i o n  model, t h e  char  deposited near  t h e  s u r f a c e  of t h e  sample r e t a i n s  i t s  
i n i t i a l  d e n s i t y  throughout t h e  r e a c t i o n  per iod.  While it was foreseen t h a t  
p r e d i c t i o n s  of  t h i s  nature  could be confirmed with t h e  X-ray d e n s i t y  p r o f i l e s ,  
t h e  r e s o l u t i o n  of t h i s  method is no t  s u f f i c i e n t  t o  confirm t h i s  p red ic t ion .  

The r a t e  c o e f f i c i e n t  used f o r  t h e  char  depos i t i on  r e a c t i o n  is estimated 
from the  w r k  of Shafizadeh (25).  Behind t h e  r e a c t i o n  f r o n t  t h e  deposited char 
i n s u l a t e s  t h e  unreacted wood and char  thermal  conduc t iv i ty  determines t h e  
subsequent  temperature p r o f i l e  and rate of py ro lys i s .  Thus, t h e  model is q u i t e  
s e n s i t i v e  to both the  value of  t h e  r a t e  c c e f f i c i e n t  far cha r  depos i t i on  a s  vel1 
as  t h e  model f o r  t h e  v a r i a t i o n  of wood and char thermal  conduc t iv i ty  with 
d e n s i t y  and temperature.  If too l i t t l e  cha r  is pred ic t ed ,  t h e  char  dens i ty  is 
t o 0  low r e s u l t i n g  i n  t o o  slow a p y r o l y s i s .  If t h e  char  thermal  p r o p e r t i e s  a r e  
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i n c o r r e c t  a s  a func t ion  of t empera tu re ,  t h e  r e a c t i o n  can t e rmina te  prematurely 
or runaway can occur.  A d e f l n i t e  need e x i s t s  fo r  information on cha r  depos i t i on  
r a t e s  from ca rbon iz ing  v a r i o u s  f u e l  s p e c i e s  (28) ,  as  well a s  on char thermal 
p r o p e r t i e s  ove r  a wide r ange  of  temperatures  and p o r o s i t i e s .  

S I M M A R Y  
A mathematical  model of  wood pyrolysis  has been presented t h a t  is  i n  

s a t i s f a c t o r y  agreement with experimental  r e a c t i o n  product d i s t r i b u t i o n s  ove r  a 
range of cond i t ions  of p r a c t i c a l  importance f o r  g a s i f i c a t i o n  and COmbustiOn. 
Both chemical and phys ica l  p rocesses  a r e  described using fundamental p r i n c i p l e s .  
Inc lus ion  of w a t e r  r e l e a s e  and char depos i t i on  k e m i c a l  r e a c t i o n s  r e s u l t s  i n  
p r e d i c t i o n s  of  u l t i m a t e  p roduc t  d i s t r i b u t i o n s  (gas ,  t a r ,  and char y i e l d s )  t h a t  
a r e  in  good agreement w i t n  experiment and can a i d  i n  op t imiza t ion  of  processes  
t o  mximnze or ndnimize t a r  product ion.  P r e d i c t i o n s  of  products  i n s t an taneous ly  
r e l eased  from a s i n g l e  wood p e l l e t  are i n  f a i r  agreement with experiment.  
Computational d i f f i c u l t i e s  a r e  encountered fo r  t h e  cases  with t h e  s t e e p e s t  
temperature g r a d i e n t s .  

Previous s t u d i e s  (29 )  using a complex k i n e t i c  mechanism and h e a t  t r a n s f e r  
i n  a wood s l a b  made no comparison t o  experimental  r e s u l t s .  Thus, t h i s  s tudy  
provides  both a d a t a  base  (11 ) and a fundamental modeling approach t h a t  w i l l  
enhance t h e  understanding of t h e  e f f e c t s  of  phys i ca l  p r o p e r t i e s  and p rocesses  on  
t h e  chemistry of d e v o l a t i l i z i n g  biomass. P resen ta t ion  of s e n s i t i v i t y  a n a l y s e s  
and f u r t h e r  v e r i f i c a t i o n  comparisons of t h e  model a r e  presented i n  a forthcoming 
a r t i c l e  (13 ) .  Cur ren t ly ,  p y r o l y s i s  product d i s t r i b u t i o n  a s  a func t ion  of  
p a r t i c l e  s i z e  can be p red ic t ed  on ly  f o r  t h e  1-D case.  Extension of t h e  model 
and experiments to r e a l i s t i c  c a s e s  using 2-D samples is planned. 
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Fig. 1 - Schematic diagram of t h e  
h e a t  t r a n s f e r  model. 

TABLE 1 

CHD(1UL R U C T I O N  UODEL 

k . C f l 0 "  Frcguency Factor. s-' EA, kcallaal 

s l c l  1.3 1 108 3 3 . 5  

a 2.0 I 108 31.19 

I l c  1.08 x 10' 29. 

" :u 1.11 x 106 21. 

TI 2 .zG2 + BT2 1.111 x 10' 27.29 

Lumped Speclcr Symbol 1dentlflCaliDn 

s 
C 

solld wood 

char.  high aolecul*r weight  I., 
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Fig. 2 - 

TABLE 2 
ULTIMATE PRODUCT DISTRIBUTION COMPARISON 

EXPERIMENTAL RESULTS AND MODEL PREDICTIONS 

2 )  Tor L - 1.0 C I .  nr.t PI"' - 2 c.I /c2- . .c .  

C.. - T., - a3.r - 
node1 28.65 58.41 11.88 
Lxpc. 15.12 62.11 12.51 

TEMP. COMPARISON 0ETWEEN THE EXPT. RESULTS AND THE 
MODEL P e E D l C T l O N  ( 0 . 5  CU. HEAT FLUX-4 CAL/CHZ-SEC> 

1000 

900 1 
7 

100 '0° r 
I I I I I I 

0 100 200 300 4 0 0  500 600 

T l M E  (SECONOS) 

Temperature p r o f i l e  comparison - experiment (dashed l i n e s )  
and model p r e d i c t i o n  (symbols) - 0.5 cm; p = -37 g /cc ;  
i n i t i a l  t he rma l  conduc t iv i ty  = 3.8 x cal/cm-s-OK 
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COMPARISON OF THE GAS F L U X  BETWEEN T H E  EXPT. A N 0  
T H E  HOOEL (0.5 CH. HEAT F L U X - 4  C A L K H Z - S E C )  

.E2 

N i 

0 1 0 0  200 300 4 0 0  500 600 7 

T I M E  (SECONOS) 

0 

Fig. 3 - Total gas flux comparison - same conditions as Fig. 2 
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P R E O I C T I O N  OF CHAR D E N S I T Y  FROM THE MOOEL 
( P A R A L L E L  GRAIN. HEAT F L U X - 4  CAL /CHZ-SEC> 
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Fig. 4 - Predicted char deposition as a function of time - same 
conditions as Figs. 2 6 3. 
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A PHASE-CHANGE APPROACH TO MACRO-PARTICLE PYROLYSIS OF CELLULOSIC MATERIALS. 

R. E. DEROSIERS and R. J. L I N  

C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  T e x a s  T e c h  U n i v e r s i t y ,  L u b b o c k ,  TX 79409 

INTRODUCTION 

Biomass i s  a s o l i d  f u e l  w i t h  a h igh  content (approx. 80%) o f  v o l a t i l e  matter 

(VM) as def ined by standard prox imate analyses. As a resu l t ,  t he  d e v o l a t i l i z a t i o n  

of t he  mater ia l  introduced i n t o  any thermal conversion device i s  t h e  most 

s i g n i f i c a n t  process occu r r i ng  on a mass basis.  From the  viewpoint  o f  reactor  

design, i t  would be convenient t o  have c losed form expressions f o r  t h e  r a t e  o f  

py ro l ys i s  o f  l a rge  p a r t i c l e s  o f  c e l l u l o s i c  ma te r ia l s  su i tab le  f o r  t h e  convec- 

t ive-heat- t ransfer  environment o f  t h e  packed o r  f l u i d i z e d  bed reactor .  

The s ta te  o f  knowledge o f  t h e  fundamental aspects o f  the  p y r o l y s i s  "reac- 

t i o n "  i s  advancing r a p i d l y  through k i n e t i c  s tud ies on small, f i n e l y - d i v i d e d  

samples i n  which phys ica l  t r a n s p o r t  cons iderat ions are minimized. The Arrhenius 

r a t e  expressions r e s u l t i n g  f rom these s tud ies are r e f l e c t i v e ,  i t  i s  hoped, o f  the 

i n t r i n s i c  chemical reac t i on  r a t e s  of p y r o l y s i s  processes. The h igh  cos t  o f  

comminution o f  feedstock t o  smal l  mesh s izes however, d i c ta tes  against  t h e  l a rge  

scale conversion o f  biomass i n  t h i s  form. Thermal conversion o f  c e l l u l o s i c  mate- 

r i a l s  i n  packed or f l u i d i z e d  beds w i l l  most l i k e l y  be accomplished w i th  p a r t i c l e  

s izes i n  t h e  range o f  one t o  e i g h t  cm. With dimensions o f  t ha t  magnitude, the  

r e l a t i v e  ra tes  of chemical and t r a n s p o r t  processes must be considered. 

An ind i ca t i on  of t h e  d i s p a r i t y  i n  chemical versus heat t r a n s f e r  r a t e s  i s  

afforded by the observat ion of "advancing f r o n t "  behavior i n  t h e  p y r o l y s i s  o f  

c y l i n d r i c a l  samples of biomass m a t e r i a l s  (Blackshear, Murty, 1966). The low 

thermal conduc t i v i t y  and h i g h  r e a c t i v i t y  o f  biomass r e s u l t  i n  a narrow, advan- 

c ing,  react ing zone of py ro l ys i s .  The sharp ly  peaked reac t i on  r a t e  p r o f i l e  

r e s u l t s  from the  deplet ion of VM i n  t h e  char and a low temperature l e v e l  i n  t h e  

v i r g i n  so l id .  The v a l i d i t y  o f  t h i s  reac t i on  r a t e  p r o f i l e  i s  supported by 

experimental densi ty  and temperature p r o f i l e s .  I f  the  reac t i on  r a t e  was slower, 
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the density profile would be less sharply stepped. The acceleration of the heat 

transfer rate in the virgin solid would likewise result in a more gradual 

transition. 

I 
I 

Several pyrolysis models have been proposed (Bamford (19461, Roberts (19631, 

Blackshear (1966). Maa (1973), Lee (1982)) in order to faithfully reproduce the 

detailed pyrolysis behavior of large samples of cellulosic materials. These 

usually involve the solution of coupled partial differential equations (PDE'S) 

representing mass. energy, and momentum balances. These models may be classified 

into two general categories. Volumetric models (Fan, 1978) are the most sophisti- 

cated and complex. The rate of decomposition is calculated at the local tempera- 

ture throughout the solid. Shrinking core models (Maa, 1973) take the advancing 

front behavior to the limit of an infinitesimally thin reaction zone. In the 

former case, the reaction is a source term in the conservation equations while in 

the latter case, the reaction rate appears as a boundary condition. The 

continuing effort to describe ever more accurately the complicated phenomena of 

pyrolysis will doubtless give rise to more complex models. 

The complexity of the single-particle model used to describe the pyrolysis 

process will be augmented however, when this model is integrated into the simu- 

lation of a gasification reactor. Thus it is our goal to move in the direction of 

simpler, albeit less precise, models of macro-particle pyrolysis. Consider the 

computational burden involved in the simulation of a packed-bed reactor. The 

conservation equations for the bed require an iterative solution because of split 

boundary conditions. (For example, solid temperature at one terminus, and gas 

temperature at the other.) For each iteration of the equations for the bed, many 

evaluations of the reaction rate for the particle must be made. If the evaluation 

of this rate at each point requires a finite-difference 'solution of a set of 

coupled PDE's for the particle, then the calculation time becomes excessive. 
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The model Considered below may be c a l l e d  k i n e t i c s - f r e e  i n  t h a t  no e x p l i c i t  

cons iderat ion i s  given t o  the  r a t e  o f  p y r o l y s i s .  The c o n t r o l l i n g  i n f l uence  on the 

r a t e  o f  decomposition i s  t he  heat t r a n s f e r  ra te .  The progress o f  t he  p y r o l y s i s  i s  

fo l lowed by t h e  r a t e  o f  advance o f  a sharp boundary def ined as t h e  locus o f  

po in ts  a t  a f i x e d  p y r o l y s i s  temperature, Tp. The r e s u l t i n g  model i s  s i m i l a r  i n  

many respects t o  a phase change problem. I n  f a c t ,  the process may be considered 

as a change i n  phase from CCS s o l i d  form (wood) t o  another (char). 

We have been i n v e s t i g a t i n g  t h e  s u i t a b i l i t y  o f  such a model i n  dec r ib ing  t h e  

p y r o l y s i s  o f  0.5 t o  2.5 cm c y l i n d r i c a l  samples o f  na tu ra l  and dens i f i ed  wood. The 

ob jec t i ves  o f  t h e  work are: 

1. 

2.  

3. 

4. 

5 .  

Develop the  proper forms o f  t h e  r e l e v a n t  equations o f  change; se lec t  an 

appropriate set  o f  dimensionless var iab les.  

Develop e f f i c i e n t  numerical schemes t o  i n teg ra te  t h e  coupled p a r t i a l - d i f -  

f e r e n t i a l  equations and t o  generate temperature p r o f i l e s  and r a t e  vs t ime 

curves. 

Determine i f  t h e  model can even c rude ly  reproduce experimental temperature 

p r o f i l e s  and p y r o l y s i s  t imes w i t h o u t  extens ive curve f i t t i n g .  That i s ,  by 

se lect ing r e a l i s t i c  values o f  phys i ca l  parameters, can an a p r i o r i  ca l cu la -  

t i o n  produce f e a s i b l e  r e s u l t s .  

Perform a s e n s i t i v i t y  analys is  t o  determine which parameters have the  great -  

e s t  in f luence on t h e  r a t e  o f  advance o f  t he  py ro l ys i s  f ront .  

Determine t o  what extent  t he  model i s  capable o f  f a i t h f u l l y  reproducing t h e  

d e t a i l s  o f  p y r o l y s i s  phenomena even i f  some parameters must be cu rve - f i t t ed .  
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THE PHENOMENA OF PYROLYSIS 
I 

Before considering the  development o f  t h e  phase-change model o f  py ro l ys i s ,  

it i s  worthwhile t o  l i s t  some of t he  more important processes occurr ing i n  py ro l -  

y s i s  i n  order t o  assess t h e i r  relevance t o  any simulat ion. 

Reaction: The primary events of p y r o l y s i s  are being i n t e n s i v e l y  s tud ied and it i s  

c l e a r  t h a t  considering py ro l ys i s  as a s i n g l e  reac t i on  w i t h  a f i x e d  product s l a t e  

i s  a gross overs impl i f icat ion.  The c l a s s i f i c a t i o n  o f  species as primary and 

secondary products i s  far  from complete. The exper t ise t o  p r e d i c t  i n  d e t a i l  even 

t h e  o v e r a l l  ( “ f i n a l ” )  products o f  t h e  process i s  not  avai lab le.  It i s  not even 

poss ib le  t o  p red ic t  i n  advance f o r  any feed the  prec ise char y i e l d  under 

d i f f e r e n t  heating rates.  It i s  the re fo re  e n t i r e l y  reasonable t o  represent 

p y r o l y s i s  crudely as 

wood = c char + b v o l a t i l e s  

Heat o f  Reaction: Thermodynamic arguments i n d i c a t e  q u i t e  c l e a r l y  t h a t  the o v e r a l l  

py ro l ys i s  process i s  exothermic. TGA s tud ies support t h i s  contention. There i s  

some doubt however concerning the  amount o f  char produced by primary and sec- 

ondary events. The exothermic i ty  i s  d i r e c t l y  p ropor t i ona l  t o  char production. It 

could be poss ib le  f o r  example t o  have an endothermic primary reac t i on  producing 

some char and most ly  reduced gases such as CO, fo l lowed by an exothermic 

conversion t o  C02 and more carbon a t  a d i f f e r e n t  l oca t i on .  Since the heat o f  

p y r o l y s i s  depends on the  spectrum o f  products, and t h e  spectrum of products 

depends s t rong ly  on t h e  condi t ions imposed t o  cause pyro lys is ,  it i s  no t  

unreasonable t o  assume t h a t  the pr imary decomposition i s  endothermic. Indeed, 

1 when ca r r i ed  out under i n e r t  atmospheres, some d i f f e r e n t i a l  scanning ca lo r ime t ry  

s tud ies have ind i ca ted  t h a t  t h i s  i s  t he  case (Muhlenkamp (1975)). 
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F i g u r e  1 : P y r o l y s i s  Scheme  of a S i n g l e  P a r t i c l e  Under the 
Boundary  C o n d i t i o n  of F i r s t  Kind 
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Reaction Rate: The p o s s i b i l i t y  of represent ing t h e  r a t e  o f  decomposition Of a 

mix ture o f  l i n e a r  polysaccharides and a cross-1 inked phenylpropane polymer with a 

s i n g l e  Arrhenius r a t e  expression appears remote. A t  best  i t  seems l i k e l y  t h a t  a 

d i s t r i b u t i o n  o f  a c t i v a t i o n  energies would be requi red.  It i s  assumed below t h a t  

the r a t e  o f  decomposition i s  f a s t  r e l a t i v e  t o  the  r a t e  o f  heat t rans fe r  necessary 

t o  sus ta in  the  pyro lys is .  

Geometry: Some shrinkage does occur du r ing  p y r o l y s i s  as evidenced by checking and 

p i t t i n g  o f  char layers. But t h i s  e f f e c t  w i l l  be ignored and constant diameter 

assumed. O f  more importance i s  t h e  p o r o s i t y  o f  chars and t h e  r e s u l t i n g  ef fects  on 

dens i t y  and res is tance t o  gas f low.  I n  t h i s  work, t h e  po ros i t y  i s  assumed 

s u f f i c i e n t l y  great t h a t  t he  hydrodynamics o f  gas f l o w  can be ignored. A c y l i n -  

d r i c a l  p a r t i c l e  geometry has been used i n  t h i s  study. 

Gas Flow: A un id i rec t i ona l ,  outward f l o w  o f  non-condensible gases must occur 

dur ing pyro lys is .  But condensible species such as water may be forced inward and 

r e s u l t  i n  a net f l o w  towards the  cooler ,  i nne r  reg ion  o f  t he  cy l i nde r .  Water 

cpndensing i n  the layers immediately adjacent t o  t h e  p y r o l y s i s  zone has been 

proposed by some inves t i ga to rs  t o  exp la in  t h e  delay i n  the development of t he  

i nne r  temperature p r o f i l e  o f  samples o f  pressed ce l l u lose .  This  inward f l o w  o f  

condensibles has not  as y e t  been considered i n  t h e  development o f  t h e  

phase-change model but  could crudely  be accomodated by using a higher e f f e c t i v e  

heat capaci ty  fo r  t he  unpyrolyzed s o l i d .  A b e t t e r  approximation could be made by 

consider ing two "phase" changes: i n  e f f e c t ,  a d r y i n g  wave and a p y r o l y s i s  wave 

passing through t h e  sample. 
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THE PHASE CHANGE MODEL OF PYROLYSIS 

The s imu la t i on  o f  p y r o l y s i s  proposed here seeks t o  avoid t h e  mathematical 

complexity o f  t h e  vo lumetr ic  model as we l l  as the p re -se lec t i on  o f  t he  py ro l ys i s  

r a t e  inherent i n  t h e  steady-state, moving-boundary approach. Maa (1973). f o r  

example, uses a k i n e t i c  expression f o r  t he  r a t e  o f  pyro lys is ,  bu t  f i x e s  the 

temperature a t  which i t  i s  evaluated, r e s u l t i n g  i n  a steady s tate.  The pseudo 

steady-state i s  probably a reasonable assumption f o r  a l a r g e  piece o f  wood ( a  log 

o r  beam) bu t  i s  probably not  v a l i d  f o r  a one-cm p a r t i c l e .  

To proceed, we make t h e  f o l l o w i n g  assumptions: 

1. The py ro l ys i s  r e a c t i o n  may be considered simply as: 

Feed = b Gas + c Char 

Here "Gas" r e f e r s  t o  a l l  v o l a t i l e  products, and "char" t o  the  completely 

d e v o l a t i l i z e d  so l i d .  The r e a c t i o n  occurs instantaneously  when the  s o l i d  i s  

ra ised t o  a f i x e d  temperature, T 
P' 

2. Heat i s  conducted through t h e  char layer  t o  a sur face separating char and 

P '  
unpyrolyzed s o l i d .  Th i s  sur face i s  defined as the  locus o f  po in ts  a t  T = T 

A t  t h i s  surface, t he  temperature i s  continuous, b u t  a jump occurs i n  the temp- 

erature gradient ,  t h e  magnitude o f  which i s  determined by t h e  heat o f  p y r o l -  

y s i s  and t h e  thermal p roper t i es  of t he  two sol ids. 

3. The temperature o f  escaping v o l a t i l e s  i s  always equal t o  the  l o c a l  char temp- 

erature, Tc. 
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Although not necessary, the following assumptions have been made for convenience 

i n  this initial development: 

4. Thermal properties (heat capacity, conductivity) and density are assumed con- 

stant at an effective or average value. 

5. Cylindrical geometry. 

6. Specified surface temperature (B.C. of 1st kind). 

The mathematical formulation of the model is derived from the equation of 

change for energy. In the char layer 

The third term is the convective flux of gas. A mass balance at any radial loca- 

tion yields an expression for the gas flux. 

r dr 

r dt 
Ug = - bPw lA 

where r is the location of the advancing front. Ordinary conduction occurs in 

the fresh solid region. (Hereafter referred to as wood.) The system of equations 

to be solved in each region in cylindrical geometry are 

P 

r dt > r  

r < r ( r o  t > O  P 
With no gas flux in the core: 

O e r L r  t * O  
P 
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I C :  Tw = Ti 

BC: (1 )  Tc = T, 

(2)  T, = T = 
w TP 

Oc r c  ro 

0 
r = r  

P 
r = r  

P 
r = r  

r = O  

t = O  

t > O  

t > O  

t b o  

t, 0 

The system o f  equations i s  non- l inear  because o f  t he  convect ive term as we l l  

as the  t h i r d  boundary c o n d i t i o n  (Carslaw, Jaeger, 1959). It i s  o f  the same form 

as a simple phase change problem, w i th  the  exception o f  t he  convective term. 

Exact so lut ions on i n f i n i t e  domains are ava i l ab le  (Stefan, 1891; Ockendon and 

Hodgkins, 1975). Comparable problems on f i n i t e  geometries are usua l l y  solved 

numerical ly. Extensive b i b l i o g r a p h i e s  are avai lab le (Selim, Roberts, 1981; 

Wilson, e t .  al., 1978). The numerical procedure developed by Roberts (1981) i s  

used here. This  procedure i s  f a c i l i t a t e d  by the i n t roduc t i on  o f  t h e  fo l l ow ing  

dimensionless parameters: 

R = 1 - r/ro T = gC t/roZ 

k T - T  =(i$s T - T  
v = u  

Tp - Ti 

P 
kc T, - T 

kw T - Ti 
P 

T * =  - 
S 

T .  - T 
Ti*=-= - 1 

Tp - Ti 
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The dimensionless form o f  t h e  system o f  equations i s  

O < R d R  T>O 
P 

R ~ R r l  f > O  
P 

I C  v = -1 O L R 4 1  r=O 

BC U = Ts* R = 0 7 ~ 0  

R = R  q-ro 
P 

u = v = o  

R = R  r>O 
P 

R = l  (7?0 

( 3 )  

( 4 )  

(5) 

(7) 

F i n i t e  Di f ference Formulat ion 

The f i n i t e  d i f f e rence  form o f  t h e  numerical a lgor i thm requ i res  a f i n i t e ,  

P'  
non-zero value of R 

then the  Stefan a n a l y t i c a l  s o l u t i o n  i s  used t o  obta in  a s t a r t i n g  p o s i t i o n  o f  the  

py ro l ys i s  f ron t .  A standard e x p l i c i t  f i n i t e  d i f f e rence  scheme i s  used t o  advance 

through t h e  f i r s t  t ime  step and a Dufor t  Frankel scheme (which requi res 

If a f i xed  surface temperature i s  imposed w i t h  T, z T 
P' 
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temperatures a t  a previous t ime)  i s  used f o r  a l l  subsequent t ime steps. I f a t i m e  

dependent surface temperature, beginn ing w i th  TS 6 T i s  imposed, then the 

numerical i n t e g r a t i o n  o f  t h e  s t ra igh t - fo rward  conduction problem w i t h  no 

py ro l ys i s  f r o n t  i s  implemented u n t i l  t he  temperature a t  a f i n i t e  value o f  R 

reaches T a t  which t ime t h e  D u f o r t  Frankel scheme w i t h  a moving boundary i s  

begun. Temperatures a t  p o i n t s  ad jacent  t o  e i t h e r  terminus R = 0 o r  R = 1, o r  the 

moving boundary are ca l cu la ted  w i t h  t h e  usual approximations. The d e t a i l s  are 

presented below. 

In order t o  approximate t h e  s o l u t i o n  o f  the parabol ic  p a r t i a l  d i f f e r e n t i a l  

equations, (1)  and (21, a network of g r i d  po in ts  w i t h  equal s i z e  i n  the 

R-d i rect ion and equal s i z e  i n  t h e  t ime  step i s  estab l ished throughout the  reg ion 

0 R < 1, O C T .  

P 

P'  

A DuFort-Frankel scheme (Carnahan, 1969) was chosen t o  obta in  a f i n i t e  d i f -  

ference so lu t i on  t o  t h e  pa rabo l i c  p a r t i a l  d i f f e r e n t i a l  equations. Adequate ac- 

curacy was obtained w i t h  21 g r i d  p o i n t s  and At/(AR) 4 0.5, 2 

The DuFort-Frankel Scheme r e q u i r e s  data from two previous t ime leve ls .  The 

standard e x p l i c i t  scheme i s  used as a s t a r t i n g  method t o  provide t h e  requ i red  

data. Eqs. (1) and (2 )  expressed i n  the  stimdard e x p l i c i t  scheme (see F igu re  2) 

are given by 

'i,j+l - 'i,j = ' i -1 , j  - '"i.j + 'i+l,j , 
(AR 1 

A T  

1 
i = 1,2, ..., M-1 B ( " i + l , j  - 'Ji-1,j 

(iAR - 1) 2 d R  
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\ 

i -1  

S t a n d a r d  

i i + l  

E x p l i c i t  Scheme 

j + l  

j 

j-1 

i- 1 i i + l  

D u F o r t - P r a n k e l  Scheme 

F i g u r e  2 :  Graphic D e s c r i p t i o n  of F i n i t e - D i f f e r e n c e  
S c h e m e .  
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"i,j+l - "i,j = " i -1 , j  - 2vi,j " i + l , j  + 

AT 

i = Mt2,M+3, ..., N-1 (9) 1 ( " i + l , j  - " i -1 , j )  

( i &  - 1)  2& 

and M i nd i ca tes  the  nearest g r i d  p o i n t  t s  the l e f t  o f  t he  pyro lyz ing f r o n t  (see 

Figure 3 ) .  These two equations a re  rearranged and solved f o r  the unknown terms 

Ui,jtl and Vi t o  give: 
,j+l 

f 

( 1  + 
1 2 ( i  - -) 

R 

21 

d* U* 
vi,j+l = ( 1  - -)vi,j t x 

( 1  + 
1 

AR 
2 ( i  - -1 

where A = A ~ ~ F z ) ~ .  

i = 1,2 

(1  - ' '"i-1, j + 
2 ( i  - -1 

A R  

i = M+2, 

,M-1 

,... ! 

Expressed i n  t h e  DuFort-Frankel Scheme, Equations ( 1  1, (2)  become 

'i,j+l - 'i,j-l - " i -1 , j  - 'i,j+l - 'i,j-l + 'i+l,j 

(bRI2 
2 A T  

B (U i t1 , j  - U i -1 , j )  

(iqR - 1)  2AR 
i = 1,2, ..., M-1 
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? 
3 

0 unknown 

0 known F r o n t  
P y r o l y z i n g  

M-2 

F i g u r e  3 :  

Char  
I 
I 
I 

I' 
I 
I 
I 
I 
I 
I 
I 

I 
- 6 -  

I 

I _ _  
I 

wood 

---t 

M - 1  M M + l  M+2 M+3 

R > 
S p a c e  

3 - P o i n t  L a g r a n g i a n  I n t e r p o l a t i o n  f o r  t h e  
unknow t e m p e r a t u r e  U , VM+l A d j a c e n t  
t o  the p y r o l y s i s  f r o # t .  
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7 

"i,jtl - Vi , j -1  I 1 " i - 1 , j  - 'i,j+l - 'i,j-l " i t 1 . j  

b R I 2  2 Ar o(* 

i = M+l,M+2. ..., N (13) 1 ( " i t 1 , j  - ' i -1 , j )  

(iaR - 1) 2aR 

Equations (12) and (13) are rearranged and solved f o r  the unknown terms Ui,j+l, 

Vi,jtl t o  g i ve  

B 

2 ( i  - -1 
A R  

' 'J i-1, j  t 
1 - 2x 

'Ji . j -1 + - 'i, jtl = 1+2h 1 + 2). 

1 

2 ( i  - -1 
( 1  t 1 ) " i+ l ,  j 

AR 

i = 1,2, ..., M-1 (14) 

1 
'"i-1,j + 

1 t9 2 ( i  - -1 
d* D(* AR 

(15) i = Mtl,M+2, ..., N 1 
( 1  + 1 ) V i + l ,  j 

2 ( i  - Dl  

The s i n g u l a r i t y  o f  Equation (2 )  a t  R = 1 i s  prevented by using L ' H o p i t a l ' s  

r u l e  t o  y i e l d  

This equation w r i t t e n  i n  t h e  standard e x p l i c i t  form i s  given by 

V i , j + l  'i.j = 1 ( ' i -1, j  - 2v.  i,j + ' i + l , j )  

oc* LR12 
AT (17) 
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and i n  the  Dufort-Frankel Scheme by 

Equation (7 )  can be w r i t t e n  i n  f i n i t e - d i f f e r e n c e  form using a cen t ra l  d i f -  

ference approximation t o  g i v e  

"N+l,j 'N-1.j E o. 
2aR 

Combined w i t h  Equation (18) t h i s  y i e l d s  an expression f o r  the cen te r - l i ne  dimen- 

s ion less temperature 

'N, j+l 

i n  the  standard e x p l i c i t  form and 

4). 8A 
1 - 7  a r;c" 

'N, j+l = - 4x "N,j-1 - 4 A  'N-1.j 
1 + p  1 +7 U 

i n  t he  DuFort-Frankel Scheme. 

Gr id  Points M, M + l  

R = l  

R = l  

(19) 

(20) 

The temperatures a t  g r i d  po in ts  imnediate ly  adjacent t o  the  py ro l yz ing  f r o n t  

( g r i d  po in ts  M and M+1 i n  F igure 3 )  cannot be ca l cu la ted  by Equations (10)-(11) 

and (14)-(15). Instead, a th ree -po in t  Lagrangian i n t e r p o l a t i o n  i s  used t o  deter-  

mine these unknown temperatures. 

-d- 26 
' M P j  = (2& +J) 'M-2,j + 'M- l , j  
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Where 

d=R - R M = R  - M A R  
P P 

Gr id  Points M = 1,2 

When the  py ro l yz ing  f r o n t  i s  l o c  ed w i  h i n  t h e  f i r s t  g r i d  space, Equa 

(21) i s  no t  requi red,  since t h e  boundary value Uo i s  a l ready known. 
,j 

i o n  

If the py ro l yz ing  f r o n t  i s  located w i t h i n  t h e  second g r i d  space, Equation 

(21) cannot be used because t h e  requ i red  three p o i n t s  are not  avai lab le.  By as- 

suming t h a t  t h e  temperature p r o f i l e  w i t h i n  t h e  char l a y e r  i s  quadratic i n  R, the 

de r i va t i ves  U/ t, U/ R, 2U/ R i n  equation (1)  can be approximated t o  y i e l d .  2 

which can be solved f o r  U2,t+l 

Advancing the  P y r o l y s i s  Front  

Euler 's  method (Carnahan, 1969) i s  used t o  solve t h e  energy balance across 

the  py ro l yz ing  surface, Eq. 9. The march o f  the p y r o l y s i s  f r o n t  i s  computed from 

the fo l l ow ing  f i n i t e  dif ference form o f  Eq. 9. 
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The temperature grad ien ts  a re  approximated by d i f f e ren t i a t ion  of t he  three-point 

Lagrangian in te rpola t ion  formulas, Equations (21 and (221,  t o  give 

When the pyrolyzing f ron t  i s  w i t h i n  t he  f i r s t  g r id  space, two point i n t e r -  

polation formulas a re  used t o  approximate the  temperature gradient i n  the char 

1 ayer . 
\ 

When the pyrolyzing f ron t  i s  located within the second g r id  space, a quadratic 

polynomial i s  used t o  approximate the temperature gradient i n  t he  char layer .  The 

gradient a t  the pyrolyzing f ron t  i s  
/ I  

AR +6 - 
"2,j AR(AR +J ) " ' j AR(d) 

-- a! - -6 
a R=R P 

(27) 
I 

Since the  temperature of t he  unreacted core i s  so c lose  t o  the  pyro lys i s  

temperature when t he  pyrolyzing f ron t  moves in to  the l a s t  two gr id  spaces, a two 

p o i n t  in te rpola t ion  formula i s  used t o  approximate the temperature gradient i n  

the wood layer .  T h e  temperature of the  unreacted core i s  taken equal t o  the  

pyrolysis temperature and t h e  temperature gradient i n  t h e  wood layer a t  R = R 
P 

becomes equal t o  zero  the rea f t e r .  

I 
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Since the  advance o f  t he  f r o n t  dur ing the  l a s t  t ime step may p lace i t  beyond 

R = 1, a three p o i n t  Lagrangian i n t e r p o l a t i o n  formula i s  used t o  f i n d  the t ime 

requi red f o r  complete t h e  py ro l ys i s .  

pl, Rp2. Rp3 = t h e  l a s t  t h ree  computed R values. Where R 
P 

T,,T2, e3 = t h e  th ree  t imes corresponding t o  the above values. 

SENSITIVITY STUDY 

Using the numerical procedures described above, temperature p r o f i l e s  a t  

var ious times were generated. Sample p r o f i l e s  are i l l u s t r a t e d  i n  f i g u r e  4. The 

t ime requi red f o r  t h e  p y r o l y s i s  f r o n t  t o  reach the  c e n t e r l i n e  o f  t h e  c y l i n d e r  was 

def ined as t 
PYr' 

The e f f e c t  o f  each model parameter on t h e  t ime requ i red  f o r  complete py ro l -  

y s i s  was studied i n  order  t o  determine i t s  r e l a t i v e  importance. A base case was 

constructed by s e l e c t i n g  average values f o r  t h e  parameters (as l i s t e d  i n  Table 1 )  

and ca l cu la t i ng  t h e  p y r o l y s i s  t ime. Values o f  t were then determined f o r  

several cases i n  which each parameter was va r ied  i n d i v i d u a l l y .  S e n s i t i v i t y  was 

def ined as A t  / ~ p ,  where &p i s  t he  change i n  the  value o f  t h e  parameter s tud ied 

from i t s  base value. A negat ive s e n s i t i v i t y  i nd i ca tes  increas ing p w i l l  decrease 

PYr 

PYr 

tPYr- 
The r e s u l t s  of t h e  s e n s i t i v i t y  s tudy are sumnarized i n  Table 2 and i l l u s -  

t r a t e d  i n  F igure 5. 
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Temperature Profile 
Wlth Convectlon Term. 

T E M P  
7 0 0  

8 0 0  

5 0 0  

4 0 0  

3 0 0  

2 0 0  

1 0 0  

0 

0 . 0  0 . 4  0 . 8  1 . 2  1 . 8  

R o d i u a ( c r n )  

3 . 8 9 2  
7 . 7 2  

------- L E G E N D :  l l U E  I ,971) 

Figure 4 
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9 . 6 3 4  

----- 
-- 
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Table 1 

Typical Values of Model Parameters Used in Sensitivity Study 

1, = 1230.0 

J c  =)'w(l-b) 

Cpw = 1318.0 

Cpc = 991.6 

k, = 0.2000 

kc = 0.20 

ro = 0.01 

T, = 700.0 

T = 350.0 P 

Ti = 25.0 

b = 0.7 

AH = 368200 

Kg/M3 

Joule/Kg 

Jou 1 e/Kg 

Joule/M-Sec-K 

Joul e/M-Sec-K 

m 

C 

C 

C 

Joule/kg o f  wood 
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Table 2 
I 

Relative Importance of Model Parameters f o r  a Pa r t i c l e  2 cm i n  Diameter 

Parameter 

0 
r 

TS 

kC 

PW 

P 

A H  

T 

cPW 

k W 

cPg 

I 
b 

f 

Sens i t i v i t y '  
Range 

1.5 -- 3.0 

-38.1 -- -0.73 

-1.73 -- -0.46 

1.0 

-0.66 -- -1.54 

0.5 -- 0.47 

0.28 -- 0.30 

-0.14 -- -0.07 

0.14 -- 0.13 

0.07 -- 0.06 

-0.012 -- - 0.027 

-0.0144 -- -0.015 

359 

Parameter 
Range 
Studied 

0.5 - 2.0 cm 

360 - 1050 C 

0.1 - 0.4 
Jou 1 e/M-Sec-K 

615 - 2460 

( Kg/M3 1 

175 - 525 C 

184100 - 763640 
Joul e/Kg 

659 - 2636 
Jou 1 e/Kg-K 

0.1 - 0.4 
Joul e/M-Sec-K 

600 - 2400 
Joule/Kg-K 

495.8 - 1983.2 
Joul e/Kg-K 

0.3 - 0.9 

0 - 300 C 

Re 1 a t  i ve 
Importance 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
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Figure 5 : S e n s i t i v i t y  of Model Parameters for  a P a r t i c l e  
of 2cm in D i a m e t e r  
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AS expected, the pyrolysis time varied approximately quadratically with r 

(cylindrical geometry) and linearly with pw indicating that for the size range 
studied, t 1 is proportional to the mass of the sample. PY r 

i Characteristic Temperatures (TS, Tp, Ti) 

For a particle 2 cm diameter, the imposed surface temperature has the 

greatest effect of all parameters in the determining pyrolysis time. When T, is 

525, 700, 875OC. the corresponding pyrolysis times are 8.8, 5.6, and 4.3 minutes. 

The pyrolysis temperature has a moderate influence on t when varied over a 

physically meaningful range. When T increases 

from 4.5 to 5.6 minutes. The initial temperature, Ti, has a negligible effect. 

The sensitivities of these parameters are illustrated in Figure 5. Plots of front 

position vs. time for a wide range of the parameters T,, T and Ti appear in 

Figures 6, 7, and 8. 

PYr 
is varied from 263 to 350°C, t P PY r 

P' 

Thermal Conductivities (kc, kw) 

Due to the nature of the model, the thermal conductivity of the char is the 

most sensitive of all the physical properties considered. The thermal conduc- 

tivity of the virgin solid however, has a negligible influence on the time re- 

quired for complete pyrolysis. The comparison is best illustrated by the front 

position vs. time plots when the above parameters are varied (Figures 9, 10). 

When kc is varied from .1 to .4 J/msK t varies from 10 to 3 minutes. Over PY r 
the same range of values for kw, t varies from 6 to 5.2 minutes. PY r 
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0 2 4 6 0 1 0  

T i r n e ( M i n )  

Figure 6 :  Pyrolyzing Front v s .  T i m e  curves at Three 
Surface Temperatures for a P a r t i c l e  of 2 c m  
Diameter 

362 



R P  

0 2 4 6 a 1 0  

T i m e ( M i n )  

F i g u r e  7 : P y r o l y z i n g  F r o n t  v s .  Time c u r v e s  a t  T h r e e  
P y r o l y s i s  T e m p e r a t u r e s  for  a P a r t i c l e  of 2 c m  
D i a m e t e r  

363 



R P  

c u r v e  T ~ ( ’ c )  

1 12.5 
2 25 
3 50 

0.2- 

,. ” . . ” . . , ” ’ ~ . . . . . . . . . ( . . . . ~  . . . . ( , . . . . , . . . ,  0.0- 

0 2 4 6 8 10 

T i m e  ( M  i n )  

F i g u r e  8 :  Pyrolyzing F r o n t  v s .  Time C u r v e s  a t  Three 
V a l u e s  of I n i t i a l  T e m p e r a t u r e s  for a P a r t i c l e  
of 1 c m  R a d i u s  
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R P  
1 .  
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0 .  

0 .  

0 .  

0.1 
0 . 2  
0.4 

0 2 4 6 8 1 0  

T i m e ( M i n )  

Figure 9 : Pyrolyzing Front v s .  T i m e  Curves a t  Three 
Values of Char Thermal Conductivity for a 
P a r t i c l e  of 1 crn Radius 
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R P  L o ; ,  

0 . 4  o-61 
'\ Y\\ 

1 0.1 
2 0 . 2  
3 0 .4  

F i g u r e  10: P y r o l y z i n g  F r o n t  v s .  Time C u r v e s  a t  Three 
V a l u e s  of T h e r m a l  c o n d u c t i v i t y  of Wood for a 
P a r t i c l e  of 1 c m  R a d i u s  
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Heat Capacities (Cpc, Cpw) 

The heat capaci ty  o f  t h e  unpyrolyzed so l i d ,  Cpw, has a greater influence on 

cPC the  r a t e  o f  py ro l ys i s  than t h e  corresponding proper ty  f o r  t he  r e s u l t a n t  char, 

L . The comparison i s  most d i r e c t l y  i l l u s t r a t e d  i n  F igures 11 and 12. 

i 

Stoichiometr ic C o e f f i c i e n t  (b) 

When the  s to i ch iomet r i c  c o e f f i c i e n t  o f  t h e  gaseous product i n  t h e  reac t i on  

wood = b gas + c char 

i s  var ied over a wide range, the re  i s  v i r t u a l l y  no change i n  t h e  t ime requi red 

f o r  py ro l ys i s  (see F igu re  13). It appears t h a t  t h e  changing densi ty  o f  t h e  char 

Yc = y w ( l - b )  counteracts t h e  e f f e c t  o f  t h e  convect ive term i n  the  energy balance. 

Heat o f  Pyro lys is  ( HI 

As i l l u s t r a t e d  i n  F igure 14, when t h e  endothermic heat o f  pr imary p y r o l y s i s  

va r ied  from 184.1 t o  736.4 J/g, t h e  p y r o l y s i s  t ime increased f rom 4.2 t o  8.4 

minutes. 

Sumnary 

The r e s u l t s  of any s imulat ion us ing t h e  phase-change model o f  p y r o l y s i s  are 

most s i g n i f i c a n t l y  a f f e c t e d  by t h e  values of p y r o l y s i s  temperature, char thermal 

conduct iv i ty ,  and heat o f  py ro l ys i s .  
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Figure 11:  Pyrolyzing Front v s .  T i m e  Curves a t  Three 
Values of Heat Capacity of Wood for a P a r t i c l e  
of 1 c m  Radius 
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F i g u r e  12: P y r o l y z i n g  F r o n t  v s .  Time C u r v e s  at Three 
V a l u e s  of H e a t  C a p a c i t y  of Char for a P a r t i c l e  
of 1 c m  R a d i u s  
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Figure 13: Pyrolyzing Front v s .  Time Curves a t  Three 
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P y r o l y s i s  Gas f o r  a P a r t i c l e  o f  1 c m  Radius 
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F i g u r e  14:  P y r o l y z i n g  F r o n t  vs .  Time C u r v e s  a t  Three 
V a l u e s  of Heat of P y r o l y s i s  for  a P a r t i c l e  of 
1 c m  R a d i u s  
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SINGLE PARTICLE SIMULATIONS 

Up t o  the present t ime we have inves t i ga ted  on ly  the  case o f  a boundary 

c o n d i t i o n  o f  the f i r s t  k ind,  i n  which t h e  surface temperature i s  spec i f ied.  The 

more use fu l  case o f  a convect ive boundary cond i t i on  (B.C. o f  3 r d  k ind )  I s  

c u r r e n t l y  under study. The choice t o  study t h e  former problem was made on the 

bas i s  o f  ava i l ab le  experimental data. I nves t i ga to rs  performing py ro l ys i s  

experiments on s i n g l e  p a r t i c l e s  u s u a l l y  measure and repo r t  surface temperature. 

I n  one experiment (Kanury, 1966) a c y l i n d r i c a l  specimen 1.75 cm i n  rad ius  o f  

pressed o(-cel l u l o s e  was placed i n  an ex te rna l  ly-heated. r o t a t i n g  copper tube. 

Temperature p r o f i l e s  were recorded by thermocouples embedded a t  var ious r a d i i .  

Measured surface and c e n t e r l i n e  temperatures are p l o t t e d  i n  F igure 15. Using the 

parameters l i s t e d  i n  Table 3 and t h e  measured surface temperature as a boundary 

condi t ion,  the c e n t e r l i n e  temperature was ca l cu la ted  using the phase-change 

model. The ca l cu la ted  p r o f i l e  i s  a l s o  p l o t t e d  i n  Figure 15. 

The experimental p r o f i l e  d i sp lays  p la teaus a t  12OoC and 38OoC corresponding 

t o  d ry ing  and p y r o l y s i s  temperatures. The ca l cu la ted  p r o f i l e  cannot reproduce the 

d r y i n g  plateau because no phase change corresponding t o  dry ing was incorporated 

i n  t h e  model. The p la teau corresponding t o  p y r o l y s i s  however, was c l e a r l y  

observed. The measured surface temperature a f te r  complete py ro l ys i s  was e r r a t i c  

because the thermocouple a t  the surface was no t  t i g h t l y  bonded t o  the  char. 

I n  a second experiment (Roberts and Clough, 19631 t h e  weight l oss  h i s t o r y  o f  

a 1 cm ( rad ius)  beech c y l i n d e r  was recorded dur ing p y r o l y s i s  i n  a n i t rogen  

atmosphere. Using t h e  parameters i n  Table 4 and the  measured surface temperature, 

the weight vs. t i m e  curve was ca l cu la ted .  The r e s u l t s  are shown i n  F igure 16. The 

heat ing r a t e  of t h e  oven used i n  t h e  experiment was 20°C/min. Since t h e  model 

p r e d i c t s  no weight loss u n t i l  t h e  surface temperature reaches the  assumed 
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Table 3 

Parameters and Properties Used to Simulate Kannry's Experiment 

Pw = 605 

j C  = (1-b) 

kw = 0.14 

kc = 0.06 

Cpc = 991.6 

Cpw = 1318.0 

cpg = 1200 

b = 0.80 

H = 100000 

T = 382 P 

Ti = 35 

( Kg/M3 1 

( Kg/M3 1 

(Joule/M-Sec-K) 

( Jou 1 e/M-Sec-K) 

(Joule/Kg-K) 

(Joule/Kg-K) 

(Jou 1 e/Kg-K) 

(Joule/Kg) 

C 

C 
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Table 4 
Representative Values of Parameters and Properties Used in 

Model Calculation for Beech Cylinder 

Pw = 6oo.o 

f = (l-b) 

kw = 0.14 

kc = 0.04 

Cpw = 1318.0 

Cpc = 991.6 

cpg = 1200.0 

b = 0.61 

A H = 100000 

T = 290 P 

Ti = 25 

( Kg/M3 1 

( Kg/M3 1 

(Joule/M-Sec-K) 

(Joule/M-Sec-K) 

(Joul e/M-See-K) 

(Joule/Kg-K) 

(Joule/Kg-K) 

(Joule/Kg ) 

' C  

C 
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Weight/Time Curves for a Pyrolyzing Beech 
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p y r o l y s i s  temperature, i t  cannot reproduce t h a t  p o r t i o n  o f  t h e  measured curve 

corresponding t o  low temperature py ro l ys i s .  

PYROLYSIS ZONE OF A PACKED-BED GASIFIER 

I n  order t o  simulate the  py ro l ys i s  zone o f  a packed-bed g a s i f i e r ,  t he  

reac to r  was t r e a t e d  conceptual ly as two idea l  reactors :  one, a char combustor/ 

g a s i f i e r  and t h e  second, a feed pyro lyzer .  The gas temperature and f l owra te  

e x i t i n g  the g a s i f i c a t i o n  zone were used as input  parameters f o r  t he  py ro l ys i s  

simulat ion. The other  boundary condi t ions were the of fgas and feed temperatures. 

The p y r o l y s i s  reac t i on  i s  

Feed -+ Char + O i l  + H20 t Gas 

The reac t i on  i s  d r i ven  by t h e  sensible heat i n  the  char-derived gases from the  

combustion zone. The char-derived gas i s  considered i n e r t  and the  of fgas 

composition i s  obtained by simply mix ing the char-der ived gas f l o w  w i t h  the  

v o l a t i l e  products o f  t he  p y r o l y s i s  react ion.  The temperature o f  t he  gas, which i s  

assumed t o  be t h e  same as the  surface temperature o f  t h e  s o l i d  p e l l e t s ,  i s  used 

as the boundary c o n d i t i o n  o f  t h e  k ine t i cs - f ree  model. We a l so  assume t h a t  t he  

py ro l ys i s  p o r t i o n  o f  t h e  reac to r  i s  character ized by p l u g  f low,  w i t h  no important 

r a d i a l  gradients o f  mass o r  temperature. 

Mater ia l  balances were taken over the  gas and s o l i d  phases. 

9 
dG /dZ = R 

9 

The energy balance was taken as 

dGS/dZ = R, 
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The generation terms are t h e  f l u x  (Q,a) i n t o  the p e l l e t s  and R, AH* ,  t he  

exothermic heat of r e a c t i o n  o f  t he  v o l a t i l e s ,  both based on u n i t  volume o f  

reactor .  bH2 i s  t he  d i f f e r e n c e  between the exothermic heat o f  the o v e r a l l  

p ryo l ys i s  reac t i on  and t h e  endothermic heat o f  t he  primary p y r o l y s i s  step used i n  

the phase change model. 

A Runge Kut ta  method was used t o  i n teg ra te  the  system o f  equations. An a x i a l  

temperature prs f i :e  f o r  t h e  bed was assumed. Th is  p r o f i l e  was used i n  the  phase 

change model t o  c a l c u l a t e  t h e  reac t i on  r a t e  and heat f l u x  as a func t i on  o f  t ime. 

The v e l o c i t y  o f  t h e  s o l i d  phase was constant (no p a r t i c l e  shrinkage) so t ime was 

propor t ional  t o  d is tance along t h e  bed. The bed temperature was ca l cu la ted  and 

t h e  process repeated u n t i l  t h e  boundary cond i t i ons  were s a t i s f i e d .  

For the  cond i t i ons  l i s t e d  i n  Table 5, the ca l cu la ted  p r o f i l e  i l l u s t r a t e d  i n  

F igure 17 was obtained. 

FUTURE WORK 

A convective boundary c o n d i t i o n  (B.C. o f  3 rd  k ind )  us ing e f f e c t i v e  heat 

t r a n s f e r  c o e f f i c i e n t s  w i l l  be i nves t i ga ted .  The heat t r a n s f e r  c o r r e l a t i o n s  f o r  

p a r t i c l e s  i n  packed beds w i l l  be mod i f i ed  fo account f o r  t he  escape o f  v o l a t i l e s  

from the  surface o f  t h e  char. S ing le  p a r t i c l e  experiments are being planned i n  

which the convective environment (gas temperature and v e l o c i t y )  o f  t he  sample 

w i l l  be contro l led.  Gas temperatures can be measured more e a s i l y  than s o l i d  sur- 

face temperatures. I n  add i t i on ,  packed-bed experiments w i t h  thermocouple-studded 

samples are planned. 
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Table 5 

Operating Conditions for the Test Run on the Biomass Gasifier 

Wood Pellett 
Feed Rate 
(Kg/Hour) 

Air 
Feed Rate 
(Kg/Hour 1 

Steam 
Feed Rate 
(Kg/Hour 1 

15.8 

9.678 

1.941 

Parameters o f  Char and Wood Pellets Used to Simulate 
the Test Run o f  the Biomass Gasifier 

fw = 1230.0 

pc =tw ( 1 -b 1 

Cpw = 1318.0 

Cpc = 991.6 

kw = 0.03 

k, = 0.005 

r = 0.003175 

T = 300.0 

Ti = 25.0 

b = 0.8 

b H = 62760 

4H2 = -368200 

0 

P 

Kg/M3 

Kg/M3 

Joul e/Kg 

Joule/Kg 

Joule/M-Sec-K 

Joule/M-Sec-K 

m 

C 

C 

Joule/Kg o f  wood 

Joule/Kg o f  wood 
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Figure 1 7 :  Comparison Between Calculated and Experimental 
Temperature Profiles in a Packed-Bed Gasifier. 
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Nomenclature 

d 

b 

8 

P 
C 

k 

M 

N 

r 

rO 

R 

T 

u,v 

9 
U 

Thermal d i f f u s i v i t y  

Sto ich iometr ic  c o e f f i c i e n t  o f  char i n  the  p y r o l y s i s  reac t i on  

Dimensionless parameter a r i s i n g  from the  convective term i n  t h e  char 

1 ayer 

Heat capaci ty  

Distance o f  py ro l yz ing  f r o n t  from nearest g r i d  p o i n t  i n  the char l aye r  

Thermal conduc t i v i t y  

Index o f  g r i d  p o i n t  i n  t h e  char layer  nearest t h e  pyro lyz ing f r o n t  

Number o f  g r i d  po in ts  

Density 

Radial p o s i t i o n  ( r  = 0 a t  cen te r )  

Cyl inder  rad ius a t  sur face 

Dimensionless r a d i a l  d is tance (R = 0 a t  surface, R = 1 a t  center)  

Temperature 

Dimensionless t ime 

Dimensionless temperature 

Ve loc i t y  o f  e x i t i n g  v o l a t i l e s  

Subscripts: 

W Wood layer ,  v i r g i n  s o l i d  

C Char layer  

P Py ro l ys i s  

S Surface 

9 Gas 
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EXPERIMENTAL MEASUREMENT OF ABLATION RATE OF WOOD PIECES, UNDERGOING FAST PYROLYSIS 
BY CONTACT WITH A HEATED WALL. 

J. LEDE, J. PANAGOPOULOS and J. VILLERMAUX 

Laboratoire des Sciences du GBnie Chimique, CNFS-ENSIC, 1 rue  Grandville 54042 
W C Y  (France) 

I 1. INTRODUCTION 

The conventional pyro lys i s  of biomass y ie lds  about equal amounts of gases,  
char and t a r .  When pyro lys is  i s  car r ied  o u t  i n  severe heating conditions,  the  reac- 
t ion  ptoducts can be almost en t i r e ly  gaseous and contain s ign i f i can t  amounts Of 
l i g h t  unsaturated hydrocarbons.. Authors involved i n  such research, generally recom- 
mend several types of conditions : small wood p a r t i c l e s ,  high temperatures, high 
heating r a t e s ,  high hea t  f luxes,  e t c .  Few of them p.3.5.61 have associated t h e  idea 
of ablation regime, t o  the  observation of the f a s t  pyro lys i s  reac t ion .  Actually,  the 
apparent r a t e  of reac t ion  is  a function of two competitive processes within the  wood 
pa r t i c l e  : the r a t e  of hea t  t r ans fe r  and the  r a t e  of chemical decomposition of wood 
i t s e l f .  I f  chemical processes a r e  very f a s t ,  t he  hea t  t r ans fe r  i s  r a t e  cont ro l l ing :  
t h i s  is the  so ca l led  ab la t ion  regime characterized by a t h i n  supe r f i c i a l  l aye r  of 
reacting wood). Such a regime can be represented by the  r a t e  a t  which the  reac t ing  
layer moves towards the  cold unreacted core of the  p iece  of wood (ablation r a t e  V )  

and the thickness of t h i s  reac t ing  layer  ( e ) .  

2 .  EXPERIMENTAL SET U P  (Fig. 1) 

The experimental system cons i s t s  i n  a s t a i n l e s s  steel d i sks  (diameter: 7.5 x 
10-2 m) spinning a t  a constant ve loc i ty  (of the order of 1 m.s-l) and heated by four  
gas burners located under the  disk.  The mean temperature is  measured with a thermo- 
couple pressed on the  upper face.  Rods of beech wood (2,3,4,6 and 10 x rn dia- 
meter) a r e  ve r t i ca l ly  applied on the  hot surface under known and var iab le  pressures.  
A j e t  of argon is d i rec ted  towards t h e  contact surface i n  order  t o  prevent spontane- 
ous inflammation i n  a i r .  
reaction is  observed when the  spinning disk is not heated. This eliminates the  pos- 
s i b i l i t y  of f r i c t i o n a l  heating e f f ec t s .  
ou t  i n  conditions of independence of reac t ion  r a t e  upon disk ve loc i ty .  
noticed t h a t  no change i n  the  apparent r a t e  w a s  observed when a notched d isk  was 

The reaction produces gases and l i qu ids  undergoing fu r the r  gas i f i ca t ion  on the used. 

disk surface. The presence of i n t e r s t i c i a l  f l u i d  between wood and s t e e l  a c t s  a s  a 
kind of lubr icant  making the  f r i c t i o n a l  contacts smoother. 

The apparent r a t e  of reac t ion  v is obtained by d i r e c t  measurement of t he  time 
required f o r  a known length of rod t o  be consumed. The thickness of the ab la t ion  
layer e is estimated by microscopic measurement of the  ex ten t  of t he  uniformly dar- 
kened zone near t h e  surface.  

3 .  EXPERIMENTAL RESULTS 

No s ign i f i can t  r i s e  of wood temperature and no subsequent 

The experiments reported here a r e  ca r r i ed  
I t  is  to  be 

The var ia t ions  of v and e were studied a s  a function of d i sk  temperature (Tw), 
rod diameter (d ) ,  and pressure (PI under which the  rods were pressed onto the  disk.  
The pressure was controlled by placing known weights on the  upper p a r t  of the rod 
(Fig. 1) . 

3.1. Variations of e with v 

Fig. 2 shows some typica l  values of e as  a function of v f o r  Tw = 873 K and 
d = 3 x The la rge  dispersion of poin ts  i s  explained by the  d i f f i c u l t y  of 
measurement of e:: wood is  a very heterogeneous mater ia l  and the  boundary between 
fresh and p a r t i a l l y  reacted wood cannot be  defined with accuracy. 
a l so  blurred by cap i l l a ry  migration of strongly coloured l i qu id  between the gra ins  

m. 

This boundary i s  
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of the  wood ( t h i s  l i qu id  is  mainly water couloured by t races  of t a r ) .  
lack of accuracy, Fig.  2 shows t h a t  the abla t ion  thickness roughly decreases as a- 
b l a t ion  r a t e  increases.  
sured (extreme abla t ion  condi t ions)  . 

Despi te . th i s  

For high values o f v ,  e is two Small t o  be accurately mea- 

3.2. Variations of v with P 

A logarithmic p l o t  of v aga ins t  P shows t h a t v  can be represented by a simple 
r e l a t ionsh ip  

v = a p B  l i  

The accuracy of experiments i s  nst s u f f i c i e n t  t o  de t ec t  any influence of d.  
This shows t h a t  fast pyrolys is  canbe  ca r r i ed  o u t  w i t h  l a rge  pieces of wood and not 
oiily with small p a r t i c l e s ,  as o f t en  s t a t ed  i n  the  l i t e r a t u r e .  From f igu re  3 a 
s t r a i g h t  l i n e  f i t t i n g  y i e lds  the  following 6 values: 
6 = 0.97 (Tw = 973 K), 6 = 1.02 (Tw = 1073 K), 6 = 1-01 (Tw = 1173 K). 
w e  may adopt a l i nea r  dependence v = aP. 

becomes very high and may exceed 3 x 
t i o n s  [1] . 
ches 0 . 2 4  kg hr-l (d = 2 x lom3 m) and 6 kg hr-' (d = 

6 = 0.99 CTw = 873 K), 
Therefore, 

Fig. 3 a l so  shows t h a t  under high temperature and pressure,  t he  ab la t ion  r a t e  
m s-l i n  agreement with o ther  determina- 

In these conditions,  the apparent massic r a t e  of wood consumption rea- 
m ) .  

4 .  INTERPRETATION AND DISCUSSION OF RESULTS 
4.1. S igni f ica t ion  of a 

In  the  same manner as t h e  ab la t ion  reac t ion  is controlled by hea t  t r ans fe r  in- 
s i d e  the wood, it w i l l  be supposed t h a t  t h e  reaction is a l s o  l imited by hea t  t rans-  
fer from the  disk t o  the sur face  of wood. The var ia t ions  o f v  w i l l  be a t t r i bu ted  t o  
the  va r i a t ions  of the heat  f l u x  with Tw and P. 
temperature Td of t he  sur face  of pyrolyzing wood is constant whatever the  experimen- 
t a l  conditions.  In  these conditions : 

I t  w i l l  be a l s o  assumed t h a t  t he  

I t  is d i f f i c u l t  t o  s e l e c t  an accura te  value for the reac t ion  enthalpy AX. D i r e c t  
measurements [7] by r a  i d  pyro lys i s  of wood have given values close t o  zero around 
773 K. Reed e t  a l .  [2f proposed a model assuming t h a t  t he  reac t ion  occurs i n  seve- 
r a l  s teps :  t h e  wood is  f i r s t  sensibly heated without any transformation up t o  the  
reac t ion  temperature where it i s  depolymerized t o  y i e ld  a so l id  which subsequently 
m e l t s  before vaporizing. 
corresponds to sens ib le  hea t  and hea t  of fusion. The l a t t e r  has been estimated t o  
about 4 x lo4 J kg-1 a t  773 K, which represents  only 3.6% of the hea t  required to 
hea t  t h e  wood from 373 t o  773 K. Thence: 

If the  t a r s  a r e  mechanically wiped away t h e  hea t  input  

Thanks to 1) with 6 = 1 and 3) i t  can be deduced t h a t  h is proportional t o  P: 

h = K P  4)  

3) and 4) 
and K : 

show t h a t  5 is a l i n e a r  function of Tw, allowing t h e  ca lcu la t ion  of Td 

A s  expected, Fig. 4 shows t h a t  t h e  v a r i a t i o n  is l inea r .  With To = 373 K, p = 700 kg 
and Cp = 2800 J kg-' K-' the following values a r e  deduced: 

K = 0.02 W m-2 K- l  Pa-' and Td = 753 3 0  K 
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The var ia t ions  o f  h deduced from re l a t ion  3) and from experimental measure- 
ments a r e  reported in  Fig.  5. 
only a function of P. Of course, a bes t  f i t t e d  s t r a i g h t  l i n e  leads  t o  the  same va- 
lues  of K (0.02 W m-2 K-I Pa-1) and 8 (0,998) as previously optimized: 

I t  appears t h a t  h is independant of d and Tw and is  

The three  s ign i f i can t  modes of hea t  t r ans fe r  a r e  convection, r ad ia t ion  and mo- 
re o r  l e s s  d i r e c t  contact with t h e  d isk .  There a r e  few chances t h a t  convection may 
occur s ign i f i can t ly  because of t ranspi ra t iona l  cool3ng e f f e c t .  
t ransfez  coe f f i c i en t  can be defined as: Assuming 
c = 0.5 and Td = 753 K, hR(W m-2 ~ - 1 )  has the  following values:: 62 (873 K), 74 
(973 K), 89 (1073 K) , 106 (11731;). These a r e  much lower than the  experimental va- 
lues  of h, espec ia l ly  a t  high pressure (Fig. 5 ) .  

take place by combined mechanisms of conduction across  t rue  contac t  po in ts  and con- 
duction across entrapped i n t e r s t i c i a l  f l u id .  The predic t ion  of t heo re t i ca l  h values 
is  d i f f i c u l t :  they depend on t h e  thermal conductivity of f l u i d  and so l id s ,  sur face  
finish,and hardness, contac t  pressure,  e tc .  Extreme values of h compiledby Rohsenow 
e t  a l .  [8] have been reported i n  Fig. 5 (dashed l i nes ) .  In  s p i t e  of very d i f f e ren t  
experimental conditions (contact mater ia l s  a r e  metals, gap mater ia l s  a r e  metals o r  
gases) .  The order of magnitude is  cor rec t .  However, it is  d i f f i c u l t  t o  f ind  a phy- 
s i c a l  j u s t i f i ca t ion  t o  the  l i n e a r  var ia t ion  of h w i t h  P. For explaining t h i s ,  theo- 
ries of lubr ica t ion  might be invoked i f  the  whole hea t  t r ans fe r  was supposed t o  take 
place across a continuous layer  of insu la t ing  f l u i d  between the  two so l id  surfaces.  

In anyway, t he  coe f f i c i en t  h is very high, showing t h a t  t h e  mechanisms of hea t  
t ransfer  by contact must not be underestimated i n  the  study of reac tors  where so l id  
p a r t i c l e s  a r e  yrolysed by contact on the  hot  walls of t he  vesse l  (cyclone reac tor  
fo r  instance $ , 8 , 1 0 ~ ) .  

The r ad ia t ion  hea t  
hR = Oc (Tw + Td2) (Tw + Td) . 

Direct heat t r ans fe r  by in t e r f ace  contact between the  d isk  and the  rod can 

4.2.2. About t h e  sur face  temperature Td 

Td has been assumed independent of Tw and P. 

----___________________________ 
The good l i n e a r i t y  observed i n  

Fig.  4 is a f i r s t  confirmation of t h i s .  
i n  good agreement with the  experimental observation t h a t  no f a s t  reac t ion  s ign i f i -  
cantly occurs when Tw 
mogravimetric measurements showing t h a t  pyrolysis of dry wood is e s s e n t i a l l y  comple- 
t e  a t  773 K [4]. L e t  us a l s o  remind the  model proposed i n  121 ass imi la t ing  f a s t  py- 
ro lys i s  t o  a th ree  phases reaction: heating t o  773 K, melting a t  773 K,  vaporiza- 
t i on  of t a r s .  

Fig. 4 a l s o  shows t h a t  v = 0 f o r  Tw = 753 K ,  

753 K. These observations a r e  a l s o  i n  agreement with ther- 

Thus it seems f a i r l y  reasonable t o  assume t h a t  t h e  temperature of t he  wood 
surface is of t he  order of 753 K whatever Tw and P. According t o  t h i s  mechanism, it 
could be wrong t o  say t h a t  wood is  heated a t  the temperature of the  w a l l s  of a reac- 
t o r  before decomposing. 

4.3. Relationship between v and e 

There a r e  three  d i f f e ren t s  ways fo r  es tab l i sh ing  a simple r e l a t ionsh ip  between 

. L e t  us suppose t h a t  e is t he  distance between the  two isothermal surfaces 
T = 473 K, Td = 773 K,  and t h a t  the  hea t  t ransfer red  is  used to increase  the  wood 
temperature : 

v and e.  

where a is the  thermal d i f fus iv i ty  of wood. 

dimension conduction, t he  expression giving T a s  a function of depth z i n  t h e  so l id  
a t  steady s t a t e  is LE] : 

. Assuming t h a t  penetration of hea t  i n t o  the  rod takes p lace  by simple one- 
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Taking T = 437 K ,  To = 373 K and Td = 773 K, 2 is considered t o  be  equal t o  e and 
then: 

ve = 1.39 a 8) 

. A model has been proposed [5] f o r  representing the  thermal vo la t i l i za t ion  of 
so l id  pa r t i c l e s ,  where the  equations of simultaneous heat and mass baiances a r e  nu- 
merically solved. Assuming a cons tan t  surface temperature, t h i s  model y ie lds :  

b i s  a constant number c lose  t o  2.6 when AH = 0,, 
t i o n  and e i s  the  thickness of t h e  s o l i d  l aye r  where 99 % of the  reac t ion  occurs. 
From expressions 9)  w e  obtain:  

r is the  chemical r a t e  of reac- 

5 h  

b2 'p 
ve = -- = 0.74 a 10) 

. From the  three  methods above it can be deduced t h a t  

0.7 a < v e  1 .4  a 11) 

Several values of a have been proposed i n  the  l i t t e r a t u r e :  m2 s-' , 
0.82 x 
s-l [12]. 

a r e  i n  agreement with t h i s  rough estimation (dashed l i n e s ) .  

m2 [2], 0.6 t o  1.5 x 1O-l m2 s-l Ill], 1.4 x t o  3.4 x 10- 5"1 m2 
These d i f f e ren t  es t imat ions  lead to:  0 .4  x lo-' < ve (m2s- ')  < 5 x 

Fig. 2 shows t h a t  t h e  experimental r e s u l t s  (mean value v e  = 0.8 x 10-7 m2s-') 

As an i l l u s t r a t i o n ,  f o r  the h ighes t  ab la t ion  r a t e  measured ( f i g .  3 ) :  32.5 x 
m s- ' ,  t he  thickness of t he  ab la t ion  layer  e is predicted t o  be  about 

3 x 10-6 m. 

5. CONDITIONS REQUIRED FOR THE OBSERVATION OF ABLATION 

Relation 3) shows t h a t  f a s t  py ro lys i s  i n  ab la t ion  regime (high value of v and 
small value of e) is  expected when high hea t  f luxes  a r e  ava i lab le  a s  f o r  example in  
s o l a r  concentrators or image furnaces.  
image furnace (mean f l u x  density::  5 x lo5 W m-2) focused on the  end of a beech wood 
rod (d = 8 x m ) ,  automatically ad jus ted  a s  t he  reac t ion  proceeds. The rod i s  
placed inside a transparent g l a s s  vesse l  i n  steam atmosphere. 

theore t ica l  value i s  8.5 x 
m-3, Cp = 2800 J kg-l s-', Td - To = 4 0 0  K )  . 
mounts of char. 
fo r  some time a t  t he  surface (there i s  no mechanical elimination) u n t i l  they disap- 
pear by p a r t i a l  decomposition under the  e f f e c t  of high loca l  temperature and by ga- 
s i f i c a t i o n  w i t h  steam. 
the  rad ia t ion  to reach f resh  p a r t s  of wood and a p a r t  of t he  f lux  is  consumed by the  
endothermal reaction of char  gas i f i ca t ion .  Consequently, the ove ra l l  reac t ion  takes  
p lace  i n  slow pyrolysis regime. 

observed if two conditions are f u l f i l l e d :  
f i c i e n t  elimination of primary products from the surface of wood. 
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Figure 2 .  Variations of the thickness 
of ablation layer e as a function of 
ablation rate v .  

r .  

Figure 1 .  Scheme of experimental 
set-up 

'Id 1 1p \ 

Figure 3 .  Experimental variations of ablation rate v as  a function of pressure P 
for four values of disk temperature T 
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Figure 5 .  Variationsofheat transfer coefficient h as  a function of pressure p. 
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A NEW MODEL FOR THERMAL VOLATILIZATION OF 
SOLID PARTICLES UNDERGOING FLASH-PYROLYSIS 

J. Villermaux, B. Antoine, J. LQdQ and F. Soulignac 

Laboratoire des Sciences du GBnie Chimique, CNRS-ENSIC Nancy-France 

Many industrial processes involve the consumption of solid particles im- 
Among these, the gasification of coal and biomass in mersed in a reacting medium. 

fixed, fluidized or moving beds is of special iritsrest. A great number of models 
describing gas-solid reactions call be found in the literature [I) [ZJ [3] [4J [S]. Mo- 
dels dealing vich c.he thermal volatilization of a solid controlled by heat transfer 
brcween the surrounding medium and the inner volume of the particle are more scarce. 
In addition, existing models often rely on the concept of a "surface reaction", 
which is questionable, because deeper layers also contribute to the reaction as heat 
penetrates into the solid. 

thermal penetration (VTP model). This model was initially imagined for interpreting 
flash-pyrolysis of sawdust particles. Actually, it could be applied to any kind of 
solid reactions where volatilization is controlled by heat conduction from the outer 
surface. Only a few preliminary but significant results are presented in this paper. 
More extensive and accurate simulations will be published later. 

We propose below a new model describing the volatilization of a solid by 

1 .  Assumptions and model equations 
The basic assumptions of the model are : 
- The solid is homogeneous and its mean density p is constant and indepen- 

- Heat transfer takes place by conduction in the solid, heat conductivity X 

- The rate of volatilization of the solid is % a is the mass of solid 

dent of temperature. 

and heat capacity cp are assumed to be constant. 

transformed into gas per unit time and per unit solid volume. 9, increases with tem- 
perature according to Arrhenius law%= ko exp (-E/RgT). 

- The reaction is endothermic, the reaction enthalpy per unit mass of solid 
is AH 7 0 (the case of AH < 0 can also be treated by this model, but it will not be 
disc'ussed here). It is assumed that AH = AH1 + Acp(T - TI) where TI is a reference 
temperature. 

sional resistance (this is possible if the remaining solid has a porous structure 
allowing free gas permeation). 

serves a constant density. 
in the solid seem to move nearer to each other. 
it is the center which seems to come nearer. 
denoted as u. 

reaction is negligible. It is suddenly immersed in a hot medium. Four kinds of 
boundary conditions can be imagined : 

- The gaseous products escape freely towards the surface without any diffu- 

- However, it is assumed that the remaining solid shrinks so that it con- 
The result is that, seen from the center, all the points 

This linear shrinking velocity will be 
Conversely, seen from the surface, 

- The solid particle is initially at constant temperature To where the 

a) Constant surface temperature 
b) Constant surface heat flux qo 
c) Convective heat transfer from a gas at constant temperature Tp (Fourier 

d) Radiative heat transfer from a wall at constant temperature T ~ .  

T, = Tp (Cauchy condition) 

condition) 
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Only conditions a) and c) will be considered here. 
- The particles may have different initial shapes. The case of infinite 

slabs and spheres will be treated below but this is not a limitation of the model. 
Actually, a unified treatment valid for any shape can be developed, especially in 
the so-called "ablation regime". 
in the study of diffusion-controlled reactions in catalyst pellets. 

wants to calculate the decay of thickness L as a function of time and the time tF 
for total consumption of the particle. 

Depending on the problem, coordinate axis may be attached to the outer sur- 
face of the particle (Oz noma1 to the surface, directed towards the center and thus 
moving as volatilization proceeds). 
for the study of the "ablation regime". 
tion I. 
mal to the outer surface); this is more convenient for a sphere and a cylinder, and 
will be referred t o  below as convention 11. 

shrinking velocity profile u (z,t) or u (r,t). The mass and energy balances are ea- 
sily written as follows: 

The situation is very similar to that encountered 

- Volatilization thus causes shrinking along one single dimension. One 

This is especially convenient for a slab and 
This will be referred to below as conven- 

Conversely, the axis may be attached to the center of the particle (Or nor- 

At any time, there exist a temperature profile T (z,t) or T ( r , t )  and a 

Dimensional units, infinite slab, convention I: 

Mass balance: 
p $+a= 0 
3 = ko exp(-E/R T) 

g 
Initial and boundary conditions:. 

t = 0, u = 0, L = Lo 

z = o ,  u = o  
z f L, 

(3 )  

Heat balance:. 

Initial and boundary conditions:: 
t = 0, T = To 
z = O ,  a ) T = T  1 b) - ).z = 

P az 90 

aT 
az P 

C) - X - = h(T - T) d) - X = co(T: - T4) az 

Infinite slab (p = O), infinite cylinder (p = I ) ,  sphere (p = Z), conven- 
tion 11: 

- .' a (rPpu) +a = 0 , agiven by ( 2 )  
.P ar 

Initial and boundary conditions : 

1 t = O ,  u = o ,  E = R o  
r = o , u = o  
r = R ,  % = d R <  o 

dt 

6 ' )  
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Heat balance:. 
aT aT =%AH + - +  p c  - p ar p at 

Initial and boundary conditions:. 
aT t = 0, T = To; r = 0, - = 0 ar 

r = R  a ) T = T  

c) X E = h(T 
P 

- T) ar P 

aT b) A - = q  ar o 

ar P d) X = c0(T4 - T) 

(4') 

(5') 

It is interesting to write the model equations ir. reduced form. 
convention I, dimensionless qilancities are defined as follows: 
v = pw'(Lo5L?), Y = TIT*, W =%/R*, A = E/(R,T*), M =a*L$cp/X, 1 = L/Lo, 
H = AHl/(cpTk), K = Acp/cp, B = hLo/h, Qo = qoLokhT*), S = coL0Th3/X. (Rg is the gas 
constant). 

T* = TI = Tp), and%* is the rate of reaction at T*. 

For the slab case, 
x = z/Lo, 0 = t$/p, 

T* is a reference temperature (in the numerical examples treated here 

Equations ( I )  to (5) are then written: 

W = exp [-A[?]] 
dC 

' dB e = o , v = o ;  X = O , V = O ;  x = L  v = -  

(9) _ _ =  I (H + K(Y - Y9)W + v + 
ax ae ax2 

e = 0, Y = yo 
ay 
ax 

2.Y P 

x = O  a ) Y = Y o  b) - - = Q o  
ay 

C) - ax = B(Y~ - Y) d) - ay = s(y4 - ~ 4 )  

A similar reduction can be performed on equations ( 1 ' )  to ( 5 ' ) ,  the characteristic 
length 
thermicity criterion H, the thermal BIOT number B, and especially M, which appears 
as a THERMAL THIEF MODULUS 

replacing Lo. The important parameters are the activation criterion A,  the 

( 1 1 )  

where a = X/(pc ) is the thermal diffusivity 
tR = PA* is a characteristic reaction time and tT = L:/a is a characteris- 

tic heat penetration time. 
trate into the particle before it volatilizes. Volatilization is thus controlled by 
the chemical reaction, this is the so-called CHEMICAL REGIME.  
heat has not the time to reach the particle core and volatilization takes place in a 
thin layer close to the surface. The rate of volatilization is controlled by an 
irreducible coupling between reaction and heat diffusion: this is the so-called 
ABLATION REGIME. 
near velocity. 

D 

If M << I ,  tT << tR so that heat has the time to pene- 

If M >> 1 ,  tT >> tR, 

We shall see below that shrinking then proceeds at a constant li- 

2. Examples of simulations 

Equations (6) to (10) and their equivalent for a sphere were solved numeri- 
cally, yielding internal velocity and temperature profiles and time O F  for total 
consumption as a function of physical parameters. 

In the simulations reported here, the following values were selected: 
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Yp = Yl = 1 ,  Yo = 0.25 ( f o r  i n s t a n c e  To = 300 K and Tp = T' 

H = 0.5, A v a r i a b l e  ( I ,  10, 100) 

M and B v a r i a b l e .  

F igu re  1 shows i n t e r n a l  temperature p r o f i l e s ,  mainly f o r  a 50 X l i n e a r  s i z e  reduc- 
t i o n  (e.g.  e 5.0.5)  i n  t h e  case  of Four i e r  ( c )  and Cauchy (a) cond i t ions .  The in- 
f luence  of M is obvious. When M i s  smal l ,  t h e  temperature tends  t o  become uniform 
whereas when M i s  l a r g e  (M > IOO), a s t e e p  temperature p r o f i l e  e x i s t s  c l o s e  t o  t h e  
su r face .  
on, B = -). 
e = 0.5 shows t h a t  t h e  temperature p r o f i l e  i s  simply t r ans l a t ed  a s  a func t ion  of 
time when v o l a t i l i z a t i o n  proceeds,  t h e  co re  of t h e  p a r t i c l e  remaining cold.  
f l uence  of t he  Bio t  number B is a l s o  i n t e r e s t i n g :  i t  appears t h a t  t h e  a b l a t i o n  re- 
gime i s  more d i f f i c u l t  t o  reach  (even f o r  l a r g e  M) i f  t he  r a t e  of hea t  t r a n s f e r  a t  
t he  su r face  i s  slow (smal l  B ) .  F igu res  2 t o  4 show t h e  r educ t ion  of s i z e  o f  p a r t i -  
cles (L/Lo o r  R/Ro) as a func t ion  of reduced t i m e  8. 
gime O r =  o) ,  where L/Lo = exp(-e), t h e  decay curves tend to become s t r a i g h t  l i n e s  
i n  f r ank ly  e s t ab l i shed  a b l a t i o n  regime (M > 100, B = m ) :  

f o r  t o t a l  consumption OF a r e  repor ted  a s  a func t ion  of M i n  f i g u r e s  5 an5 6. 
r a l  i n t e r e s t i n g  remarks can  b e  made by in spec t ion  of these  f igu res :  

1200 K) 

This i s  e s p e c i a l l y  c l e a r  f o r  cons t an t  s u r f a c e  temperature (Cauchy cond i t i -  
In  t h i s  ca se ,  a comparison between curves  drawn f o r  e = 0.75 and 

Tho in- 

S t a r t i n g  from the  chemical re- 

L/Lo = I - e / e  . Times 
Seve- 

- OF inc reases  when M augments and when B diminishes (Four ie r  cond i t ion ) .  

- Curves f o r  d i f f e r e n t  shapes a r e  very  c l o s e  t o  each o t h e r  f o r  equal  va lues  

- As B + -, t h e  Four ie r  cond i t ion  tends t o  t h e  Cauchy condi t ion .  I n  ab la-  

of the  Bio t  number B. 

t i o n  regime, OF then  tends  t o  be  p ropor t iona l  t o  a. 
For A = 10 and H = 0.5. one f i n d s  approximately 

e , 2 3 &  (12) 
In  dimensional v a r i a b l e s ,  - 

This  means t h a t  t h e  t i m e  f o r  t o t a l  consumption i s  p ropor t iona l  t o  the  i n i t i a l  s i z e  
and t h a t  t he  shr inking  v e l o c i t y  i s  cons t an t  (a  c l u e  f o r  t h e  a b l a t i o n  regime).  Th i s  
a l s o  makes i t  poss ib l e  t o  determine t h e  t r u e  va lue  of the r e a c t i o n  t i m e  tR even i n  
t h e  presence  of a seve re  hea t  t r a n s f e r  con t ro l .  A va lue  f o r  t h e  th ickness  of t h e  
r e a c t i o n  zone may be  obta ined  a s  t h e  r a t i o  e = a / l u l  = a tF/Lo of t he  hea t  d i f f u s i v i -  
t y  t o  t h e  shr inking  ve loc i ty .  Then, 

e 2 3 5  ( 1 4 )  

For in s t ance ,  i f  M = 10 000, e 

on t h e  numerical va lues  of A, H and Yo s e l e c t e d  f o r  s imula t ions .  
t h a t  t he  abso lu te  va lue  of 8F depends on A b u t  t h a t  t h e  curves a r e  roughly p a r a l l e l .  
It  can  be expected t h a t  i n  a b l a t i o n  regime, t h e  & dependency s t i l l  ho lds  whatever 
t h e  va lue  of A. 

I n  a previous  paper [ 6 ] ,  a n  empi r i ca l  expres s ion  f o r  BF i n  a b l a t i o n  reaime 
and v a r i a b l e  H has  been e s t ab l i shed :  

eF 3 1.13 (H + 2.3) 

(A = I O ,  Yo = 0.25, Cauchy cond i t ion )  

However, t h i s  r e l a t i o n s h i p  should b e  checked by more c a r e f u l  numerical  s tu -  

0.03 Lo 

- Coef f i c i en t  3 i n  r e l a t i o n s h i p s  (12), (13). ( 1 4 ) ,  (15) obviously depends 
F igure  6 shows 

(16) 

d i e s .  
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3. Conclusion 

Although r e l y i n g  on v e r y  s imple assumptions,  t h e  VTP model makes i t  poss i -  
b l e  t o  e s t ima te  t h e  r a t e  of  consumption of s o l i d  p a r t i c l e s  a s  a f u n c t i o n  of physico- 
chemical parameters.  
provided, depending on t h e  va lue  of the thermal Th ie l e  Modulus M and t h e  thermal 
B io t  number B. 
l a r g e  (M, B > 100). In t h i s  regime, t h e  sh r ink ing  v e l o c i t y  i s  cons t an t  and t h e  
r e a c t i o n  takes  p l ace  only i n  a t h i n  l aye r  a t  t he  s o l i d  s u r f a c e .  Experimental  d a t a  
on wood pyro lys i s  obtained with sawdust o r  with massive rods  c o n f i m  t h e  e x i s t e n c e  
of t hese  two regimes ( see  companion paper).  T o t a l  c o s s u p t i o n  t imes est imated i n  a 
cyclone r e a c t o r  o r  d i r e c t  measurement of a b l a t i o n  v e l o c i t i e s  a r e  i n  agreement w i t h  
t h e o r e t i c a l  p r e d i c t i o n s  of che VF'T model. 

Evidence f o r  t he  e x i s t e n c e  of two v o l a t i l i z a t i o n  regimes is 

The a b l a t i o n  regime is achieved i f  both M = t T / t R  and B = hLo/X a r e  

Exam l e :  For wood p a r t i c l e s ,  A = 0.2 W IC1, cp  = 2800 J.kg-I.K-', 

I f  t R  = 7 x 10-4 s, then 

p = 500 kg.m- s , a = 1.4 x 10m7m2 s - I ,  H = 0.5 corresponds t o  AH = 1680 kJ.kg-l a t  
T* = 1200 K.. Then, t T  = L2/a = 7 x 
t i o n  regime r e q u i r e s  t h a t  VM > 100) tR < 7 x 10-4 s.  

6 .  For p a r t i c l e s  of Lo = s, t h e  abla-  

t F  E 3 t R  V 6  E 30 t R  = 21 X low3 s.  

These prel iminary r e s u l t s  have been obtained w i t h  ve ry  s imple numerical  me- 
thods which a r e  no t  b e s t  adapted t o  the  "stiff" cond i t ions  encountered i n  t h e  abla-  
t i o n  regime (M and B bo th  l a r g e ) .  Fu r the r  improvements a r e  i n  p rogres s ,  which w i l l  
make i t  poss ib l e  t o  perform more accu ra t e  s imula t ions  i n  a broader  range of va r i a -  
t i o n  of  parameters.  
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(SLAB) 

-Fig. 1 .  Interna1,temperature profiles as a function of M and B (sphere and slab), 
mainly for L/Lo % 0.5. Notice the translation of the profile in ablation regime 
(L/L, = 0.75 -+ L/Lo 0 . 5 ) .  A 10, H = 0 . 5 ,  Yo = 0.25 
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Fig. 5. Time for total consumption eF as a function of thermal Thiele modulus M. 
Various shapes and Biot numbers B (Fourier and Cauchy conditions). Notice the & 
dependency in ablation regime. A = 10, H = 0.5, Yo = 0.25. 

100000 

eF SPHERE 

Fig. 6. Time f o r  total consumption F as a function of thermal Thiele modulus M. 
Influence of activation parameter A. €I = 0.5, Yo = 0.25. 
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INTRODUCTION 

When biomass pa r t i c l e s  a r e  heated very rap id ly  (>lOOO"C/s) in an oxygen f ree  
environment, they undergo pyrolysis w i t h  the formation o f  l i t t l e  or no char (1 ,Z). 
If concentrated so la r  energy is  used LO rap id ly  heat the  pa r t i c l e s  ( 3 ) ,  t h e i r  tcni- 
perature may exceed t h a t  of t he  surrounding gaseous envirorinient by several hundred 
degrees Celsius hhon pyrolysis occui-s (4,5).  This "two temperature'' e f f e c t  gives 
r i s e  t o  the formaticn o f  high y i e lds  o f  s i rups  from the pyrolyzing biomass (6-3). 
Our in te res t  in the se lec t ive  formation o f  s i rups  during the  rad ia t ive  f l a sh  pyrol- 
y s i s  of bionass caused us to  i n i t i a t e  numerical explorations of the  combined ef fec ts  
of heat and rass  t r ans fe r  011 the  r ad ia t ive  f l a s h  pyrolysis phenomena. These explor- 
a t ions  are described in this paper. 

An ea r l i e r  work ( 9 )  presented the der iva t ion  of the  general equations governing 
chemical react'lon, species,  energy, and momentum conservation, a s  wf'll as  t he  appro- 
p r i a t e  bcundary conditions,  f o r  a spherical  p a r t i c l e  o f  ce l lu lose  undergoing rapid 
pyrolysis in ar! intense rad ia t ive  f lux .  
p l i f i ed  sets 0-l' equations, which represent t h ree  a i f f e w n t  leve ls  of physjcal com- 
plexity,  and o f f e r  soiiic ins ight  in to  the  more complex prcjhlem. 

SIMPLiFIED PYROLYSIS MODELS 

and three par t ia l  d i f f e ren t i a l  equations,  as  well as the  appropriate hourdary condf- 
t ions.  
problem hy representiiig only the  e f f e c t s  of :  
heat trans:er, (2)  chemical reac t ion ,  external and internal neat t ransfer ,  and (3) 
chemical reaction, external heat t r a n s f e r  and in te rna l  mass t ransfer .  

l h e  major assumptions underlying the  Level 1 problem a r e  t h a t  the  res i s tances  
t o  heat and mass t ransfer  within the  p a r t i c l e  a r e  negl ig ib le .  
i s  assumed t o  sus ta in  no temperature o r  pressure gradients within i t .  
assume t h a t  only a s i y l e  vapor phasr? species (levoglucosan) i s  present within ti12 
pa r t i c l e ,  and \vi: neqlec'i the k ine t ic  energy o f  the  vapor a s  well as  t.he r a t e  of 
change of i t s  enthaipy r e l a t ive  t o  t h a t  3f the ce l lu lose .  Integrating over the 
volume of the pa r t i c l e ,  the energy conservation equation becomes 

The following sec t ion  discusses three  sim- 

The general pyrolysis model ( 9 )  i s  spec i f ied  by a coupled s e t  of two 0rd:nar.y 

The three " leve l"  problems discusszd .in t h i s  section simplify the  gencral 
(1 )  chemical reaction and external 

Hence the p a r t i c l e  
We a l s o  

The reaction r a t e  V z  i s  given by 

*Author t o  whom correspondence should be sen t .  
Freseiit address: UepJrt.i!ient o f  Mcitlanical Engineering 

Univxsit j!  of llawaii 
Honol ulu, Hawai i 96822 



where 

w i t h  pso,pC=O and T=Ti a t  t=o. 
transfer coef f ic ien t  T i  was assumed. 
flow of vo l t a t i l e s  generated by pyrolysis e f f ec t ive ly  reduces the  r a t e  a t  which heat 
i s  transferred from the  surrounding gaseous environment t o  the  pa r t i c l e .  
ted heat t ransfer  coef f ic ien t  h i s  re la ted  t o  the  uncorrected value h by 

In previous s tud ies ,  a constant value fo r  the heat 
As discussed i n  Reference 7 ,  the  outward bulk 

l h e  correc- 

To nondimensionalize equations 1 -4 we take a s  a reference temperature T 
the temperature a t  which the  devola t i l i za t ion  r a t e  i s  maximum. A reference t i n 6  i s  
chosen t o  be(Tp-Ti)is where 
summarizes the s ix  dimensionless parameters 01-06 which r e s b l t  from a ncndimension- 
a l iza t ion  o f  Eq. 1 .  A fu r the r  discussion of the  s ign i f icance  of these parameters 
is  given in the following section. 

"large" par t ic les  undergoing rapid heating, o r  pa r t i c l e s  w i t h  a low thermal d i f -  
fusivity.  
pyrolytic vapor-s e x i t  the p a r t i c l e  without holdup. 
energy equation becomes 

i s  a cha rac t e r i s t i c  average heating ra te .  Table 1 

The Level 2 problem accounts f o r  the existence of temperature gradients within 

The resistance to  mass t r ans fe r  i s  s t i l l  presumed t o  be negligible;  
With these assumptioils, the 

5) ( I ? ~ c ~ ~ + P ~ c ~ ~ ) % =  CH(-wS) + 1 a ( r  2 k aT)  - N L ( c  T )  
FsF "31̂  ar P 

wherein the molar f lux  of vo la t i l e s  N i s  g iven  by the  spec ies  continuity equation 
2 - _  a ( r  W N )  = bwS 1 

,2 ar 6) 

The i n i t i a l  and boundary conditions associated with E Q S .  2 ,  3, 5, and 6,  which 
specify the Level 2 problem, a re  given by 

The nondiniensionaiization of Eqs. 2 ,  3,  and 5-7 introduces 
parameters O7 and O8 given i n  Table 1. 

7)  

the two new dimensionless 

The Level 3 problem attempts t o  account f o r  t he  e f f ec t s  of inass t ransfer  or1 the  
Level 1 problem. Two major assumptions a re  made: ( 1 )  the res i s tance  to  heat trans- 
f e r  within the a r t i c l e  i s  negl ig ib le ;  hence the p a r t i c l e  i s  considered t o  be iso- 
thermal. and (27 the  mass f lux  i s  giveii by the  hydrodynamic flow expression 

B dc h'. 1 = ( - p .  ,---- 0) i 
u d r  

Equation 8 presumes viscous flaw t o  bs much g rea t e r  than t h e  d i f fus ive  flow, which 
would be the case i f  tlic perrwabili ty Bo i s  l a rge  compared t o  the  d i f fus iv i ty  of 
the  gas within the solid.  An evaluaticn of the  mass t r ans fe r  pec le t  numher pLlo 

-_ 
UD 
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f o r  t h i s  problem re su l t s  in a value exceeding 4000 (71 ,  j u s t i fy ing  assumption ( 2 ) .  
With these assumptions, t he  equation governing the  concentration of vo la t i l e s  
w i t h i n  the par t ic le  becomes 

a (E~cW) - 1 a (r  2 pW &) = bws -- 
2 %  v a r  r a t  

w i t h  p = cR T. The i n i t i a l  and boundary conditions a r e  g iven  by 
9 

t = 0 p, = pso, pc = 0, T = Ti ,c  = p / R  T o g i  

r = O  x=O , & = O  
ar ar 

ke r = R = aFI + 6 (Tf - T) + EO(T; - T4) 
ar 

N = K (C - Cm) 

where K i s  the corrected mass t r ans fe r  coe f f i c i en t  given by 

Thus the Level 3 problem i s  spec i f ied  by Eqs. 1-3 and 9-11, whose nondimensionaliza- 
t ion introduces the new parameter e The reader should note t h a t  the  
Level 3 problem i s  more mathematicaqly complex then i ts  predecessors due t o  the  
ccjuplsd boundary conditions in Eq. 10, r e f l ec t ed  in the dependence of Wand K on 
$q, anti onl, which a re  both functions of the unknown f lux  o f  vo la t i l e s  N a t  the  sur- 
face of the par t ic le .  

RESULTS 

(see  Table 1 ) .  

The coupled s e t  of ODE's and PDE's making u p  the  Level 1-3 prob'lems were solved 
us ing  the method of l i nes  (IO) as implemented i n  a modified form ( 9 )  of the algorithm 
PDEONE developed by Sincovec and Madsen (11).  
from the method of l i oes  was integrdted using the  GEARB package developed by Hind- 
marsh (12). Numerous t e s t s  were performed to  ensure the in t eg r i ty  (accuracy and 
Precision) of the  r e su l t s ,  as described i n  de t a i l  in Reference 9. 

t ion ,  and the freestream f lu id  temperature on t he  time dependent vo la t i l i za t ion  of 
the cellulose pa r t i c l e  was studied i n  a va r i e ty  o f  numerical simylations. Table 2 
catalogues values of t he  parameters se lec ted  f o r  study. Due t o  space l imi ta t ions ,  
Ofily a s sn l l  f rac t ion  of t he  r e s u l t s  wi l l  be discussed here. 
i s  referred t o  Refei*ence 9 fo r  a iiiore complete presentation. 

T h e  coupled system of ODE's obtained 

The influence of the  p a r t i c l e  diameter, t he  incident in tenz i ty  of so l a r  radic- 

The in te res ted  reader 
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, Figures 1 and 2 d,isplay the  weight loss of a p a r t i c l e  as a function of t i n e  
(as would be measured using a TGA) f o r  pa r t i c l e s  with diameters Cf 100 and 500 urn 
surrounded by steam a t  5OG"C, when exposed to  f lux  dens i t i e s  of 50, 100, 200, 400 
and 1600 Wlcn12. 
jected t o  a variety of f lux  dens i t ies  with a freestream temperature of G00"C. I t  
i s  Seen t h a t  the pyrolysis of t he  p a r t i c l e  can be considered t o  take place i n  t ~ o  
stages - a heatup stage and a devola t i l i za t ion  stage.  
par t ic le  heats u p  rapidly without a s ign i f i can t  loss of weight. As the  temperature 
of the par t ic le  increases,  the reaction r a t e  increases considerably and the  devol- 
a t i l i za t ion  stage se t s  in.  As a general trend, i t  i s  observed t h a t  t he  tilne taken 
fo r  complete devola t i l i za t ion  of the pa r t i c l e  decreases w i t h  increasing solar  f l u x ,  
increasing f lu id  temcerat.?rre and decreasing p a r t i c l e  s i ze .  However, a s  evidenced 
in Figure 3,  smaller pa r t i c l e s  subject t o  lower f lux  dens i t i e s  reach a stagnation 
temperature s l i gh t ly  above the  freestrsam temperature a f t e r  which 1 i t t l e  temper- 
a ture  change occurs unt i l  pyrolysis i s  complete. 
t i l . ization o f  the smaller pa r t i c l e s  subjec t  t o  lower f lux  dens i t i e s  in cooler 
environments t o  increase considerably. 

To calculate the values of the  dimensicnless numbers 8 -86 associated w i t h  the 
Level 1 problem, Tp and f3 must be evaluated. An estimate o$ Tp (1)  may be obtained 
u s i n g  

Figure 3 shows the temperature h i s to r i e s  o f  a 100 urn diameter s u b -  

In the heatup s tage ,  the 

This causes the  time f o r  vola- 

where the value 6 can be estimated using the following formulae f o r  the i n i t i a l  va l -  
ues of the heating r a t e  due t c  rad ia t ion  and convection 

w i t h  B = f3 + 
vola t i l i za~ion?C'This  pemnena i s  i l l u s t r a t e d  it1 Figure 4. I f  the value of 
mated above i s  reduced by 
from the exact values by l e s s  t h a n  50°C. 
par t ic les  a n d  iow f luxes ,  when a stagnation temperature i s  reached. 
the value T = Tf would be more appropriate.  

As discussed e a r l i e r ,  the  value of B decreases during heatup and 
e s t i -  

50%, values f o r  Tp estimated u s i n g  Eq. 12 usually d i f f e r  
Larger e r ro r s  a r e  encountered f o r  small 

For these  cases,  

Tables 3 and 4 present representa t ive  values of the  tiondimensional nambers 61-86 
based oti vd1r:es fo r  Tp and 6 calcuiated u s i n g  the above procedure, Increasing values 
o f  81 and 82 r e f l ec t  the decreasing ZOility of s o l a r  rad ia t ion  t o  provide both the 
sensible heat and the  endothermic heat of reaction requirements. 
behavior of 03 r e f l ec t s  e r ro r s  associdted with our method fo r  approximating the value 
o f  6 used to  ca lcu la te  T . 
par t ic le  should reach a etagnation temperature, i n  which case Pp=Tf and e4 is a r t i -  
f i c i a l l y  assigned the  value 84 = 0. 
by B and  Tp.  

a charac te r i s t ic  time tdh f o r  devola t i l i za t ion  can be estimated tising 

P 

The anomalous 

Negative values of 04 occur when T >Tf .  For  8,<-1 the 

As expected, values of e5 and 86 a r e  influenced 

If  heat t ransfer  t o  the  p a r t i c l e  d u r i n g  devo la t i l i za t ion  is r a t e  l imi t ing , ,  then 
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Similarly, a cha rac t e r i s t i c  heatup time thh can be defined based on the sens ib le  
heat requirement: 

Figures 5 and 6 display the  r e l a t ionsh ip  between the  actual values f o r  tb  any t d  
and the estimated values t h h  and t d h  using Eqs. 15  and 16 above. 
l inear  relationship between the  estimated and actual values of t h  and t 
an algorithm (using Ecjs. 15 and 16, and Figures 5 and 6)  which accuratefy estimates 
t h ,  td  and the to t a l  time tt = t;, t t .  reqiii7i.d For pyrolysis without r e so r t  t o  
iiumerical integration of the  Level 1 83E's. 

The evldent 
provides 

For a l l  of t he  cases studied in t h i s  work t h  5 t d ;  COnSeqVently chemical kinet- 
i cs  control the to t a l  time required f o r  the  pyrolysis o f  the  pa r t i c l e .  Only f o r  ex- 
tremely high heating r a t e s  does th 5 td. 

In general, 
internal conduction and convection increase the time required f o r  devola t i l i za t ion ,  
but have l i t t l e  e f f ec t  on hsatup. The increase i n  t i s  more prominent f o r  l a rge r  
par t ic les ,  and higher heating r a t e s .  The f a c t  t h a t  f h  is not depsndent on internal 
conduction and ccnvection may be understood i n  terms of the cha rac t e r i s t i c  time f o r  
conduction tc = R2/aS, which takes on values 4.17, 16.7 and 417 ms for  pa r t i c l e s  w i t h  
diameters of 50, 100 and 500 ym ( respec t ive ly) .  These values o f  tc a r e  comparable 
t o  the  heatup times t h  f o r  t h e  Level 1 problem; hence the  value of 07 i s  c lose  t o  
unity for  a l l  the cases studied. Consequently, pyrolysis does not occur a t  the  same 
time throughout the  pa r t i c l e ;  r a t h e r  the p a r t i c l e ' s  surface rapidly heats and under- 
goes pyrolysis while the ins ide  remains "cool ." 
i n  a l l  the cases studied, and t h  is  unaffected by in te rna l  conduction and convection. 

Table 5 displays values of 08 ca lcu la ted  using the approximate cha rac t e r i s t i c  
temperature T defined ear l ie r '  f o r  t h e  Level 1 problem. Values of 08 ind ica te  t h a t  
f o r  la rge  par!ic,les and higher heating r a t e s  the in te rna l  convective heat f lux  (which 
tends to cool the pa r t i c l e )  becomes comuarable in  magnitude t o  the  conductive heat 
flux. This e f f ec t  tends t o  increase td  by counteracting heat flow in to  the  pa r t i c l e  
durjng pyrolysis. Figure 8 displays the deperldence of td  (Level 2 ) / t d  (Level 1 )  vs. 
0s. The observed l i nea r  dependence permits one t o  cor rec t  the  estimated value 0-F t,, 
(obtained by methods discussed e a r l i e r  f o r  t h e  Level 1 problem) by simply evaluating 
0s and multiplying td  (Level 1)  by the  appropriate cor rec t ion  f ac to r  obtained from 
Figure 8. 

Values of 09 were estimate3 f o r  the range of parameters studied in this  work. 
In almost a l l  cases Oo > 10 ( i n  the worst case 09 = 1 ) :  consequently f o r  the cases 
studied vola t i les  do fief accumulate w i t h i n  the p a r t i c l e  and nc pressure gradients 
a r e  generated. For t h i s  reason, no attempt was made t o  solve the Level 3 prohleiii. 

CONCLUSIONS 

Figure 7 displays representa t ive  r e su l t s  f o r  the Level 2 problem. 

T h u s  pyrolysis occurs by ab la t ion  

Fcr a l l  the  cases t rea ted  i n  this work, chemical k ine t ics  control the time 
required t o  achicve devola t i l i za t ion  o f  t h e  pa r t i c l e .  Because of ab la t ion ,  the time 
required for i n t r apa r t i c l e  heat t r ans fe r  plays a l e s s  s ign i f i can t  ro le .  Mass t rans-  
f e r  liniitations were not s ign i f i can t  for any o f  the cases studied. 

td  and t t  for  many p:'obleiiis of  i n t e re s t .  
01 - 09 should enable other workcrs t o  app1.y t h e  spec i f i c  r e su l t s  of t h i s  work t o  
t h e i r  own problew. 

S.iinp!e formalae were derived which f a c i l i t a t e  rapid accgrate estimates o f  t h ,  
Evaluation of the nondiiliensional parameters 
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Parameter 

01 

e2 

03 

64 

Table 1 

Dimensionless Parameters 

Expresslon Slgnlf lcance 

Table 2 

Selected Values If Parameters 
Used in the Simulations 

Particle diametei. = 50 100 and 500 UII 
Flux density = 50: 100 205, 400 and 1600 U/ca2 
Freestreaa temperature = 500' and 8r)o"C 

Table 2 

Values of dimensionless parameters 
100 p diameter. Tf = 5 O V C  

-- ~~ - 

1600 1.635 -0.0245 10.282 -0.275 0.~09 0.051 

400 2.041 -0.0273 10.651 -0.877 0.036 0.153 

200 2.583 -0.0285 11.046 -1.598 0.072 0.274 

100 3.667 -0.0510 7 7 0.144 0.144 

50 5.834 -0.0510 ? 7 O.%3 0.2113 ----- 
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Table 4 

Values o f  dimensionless paranieters 
500 11 diameter. T f  = 509°C 

-- 
e1 e2 e3 e4 e5 86 1 

jW/cm2) - 
1600 1.526 -0.0285 10.434 -0.004 0.009 0,034 

400 1 . 6 0 7  -0 .03 i8  11.372 -0.122 0.036 0.104 

200 1.715 -0.0336 11.532 -0.210 0.072 0.182 

100 1.931 -0.0354 11.451 -0.358 0.144 0.321 

50 2.363 -0.0370 11.419 -0.612 0.288 0.578 

Tf = 800°C 

I 

JW/& 

1600 

200 

50 

Table 5 

Values o f  the dimensionless parameter, e8 
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INTRODUCTION 

The downdraft g a s i f i e r  o r i g i n a t i n g  from World War 11 Swedish des igns  has proven t o  
be successfu l  in g e n e r a t i n g  a c l e a n  product  gas when operated in a n  a i r  blown 
mode. Such gas  producers  a r e  u s e f u l  f o r  g e n e r a t i n g  a n  e s s e n t i a l l y  t a r  f r e e  b o i l e r  
gas  or  engine f u e l  from renewable resources  such as wood and a g r i c u l t u r a l  waste. 
Recently, a new genera t ion  of s t r a t i f i e d  downdraft g a s i f i e r s  (1, 2) has  been 
s tudied .  A s u c c e s s f u l  model of t h i s  type  of g a s i f i c a t i o n  process  should be a b l e  
t o  c l e a r l y  show t h e  interdependency of opera t ing  v a r i a b l e s  i n  o r d e r  t o  optimize 
both cost  of $gasifier and performance. Such a process  model would be u s e f u l  in 
determining t h e  proper  g a s i f i c a t i o n  condi t ions  when input  condi t ions  o r  design 
pa rame t e r s  change. 

F igure  1 shows t h e  important  f e a t u r e s  of t h e  g a s i f i e r .  Biomass f u e l  and oxid izer  
a r e  fed  c o c u r r e n t l y  t o  t h e  top  of t h e  gas  genera tor  where p y r o l y s i s  of the  f u e l  
t a k e s  place. The p y r o l y s i s  r e a c t i o n  is d r i v e n  by hea t  t r a n s f e r  from t h e  gas and 
hot  char bed below. As t h e  f r e s h  s o l i d  is heated  it d r i e s  and d e v o l a t i l i z e s .  'he  
v o l a t i l e s  evolved c o n t a i n  combust ible  s p e c i e s  which r e a c t  wi th  oxygen/air  t o  
produce h e a t ,  CO, C02, H2, H 0 and l i g h t  hydrocarbons. During p y r o l y s i s ,  t h e  gas 
and s o l i d  are  a t  v a s t l y  d i f J e r e n t  temperatures  because p y r o l y s i s  cools  t h e  s o l i d  
whi le  ox ida t ion  h e a t s  t h e  gas. ( A t  t h e  end of p y r o l y s i s  t h e  gas  may be more than 
500K h o t t e r  than  t h e  s o l i d . )  In t h i s  zone of t h e  r e a c t o r ,  about  80% t o  90% o f  t h e  
solid weight loss occurs .  

Once oxygen is consumed and p y r o l y s i s  is completed, reduct ion  of char  by Cog and 
H20 can occur  in t h e  g a s i f i c a t i o n  zone. The r e a c t i o n s  occurr ing  a r e  endothermic 
so that the  &as and s o l i d  tempera tures  f a l l  a s  carbon conversion proceeds. The 
r e a c t i o n s  tend  t o  q u i t  a t  about  lOOOK due t o  k i n e t i c  l i m i t a t i o n s .  

I n  t h e  s teady-s ta te  o p e r a t i o n  of t h e  downdraft g a s i f i e r ,  a s p e c i f i c  oxygen t o  f u e l  
r a t i o  e x i s t s  f o r  a g iven  feeds tock  a n d  carbon conversion leve l .  I n  p r a c t i c e  i t  is 
found t h a t  g a s i f i e r  throughput does not a f f e c t  t h e  requi red  0 2 / f u e l  r a t i o  and the  
product  gas composition f o r  a s u f f i c i e n t l y  deep char bed. Also, i t  is found that 
t h e  u a j o r i t y  of hydrocarbons are des t royed  in t h e  p y r o l y s i s  zone. These data  
sugges t  that t h e  p y r o l y s i s  and g a s i f i c a t i o n  zones a r e  t o  a good approximation 
s e p a r a t e  and that t h e  whole char bed i n  downdraft g a s i f i e r s  is not  t r u l y  a c t i v e .  

In  t h e  char g a s i f i c a t i o n  zone t h r e e  r e a c t i o n s  dominate (neglec t ing  t h e  c racking  of 
r e s i d u a l  tars and hydrocarbon gases from t h e  p y r o l y s i s  zone):  

Boudouard React ion 
Char + C02 + 2CO A H  = +40,778 k c a l / m o l  

Water Gas React ion 
Char + H20 + CO + H2 A H  = +32,472 kca l lmol  

Water Gas S h i f t  React ion 
H20 + CO * H2 + CO2 AH = -8306 kcal/mol 
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The k i n e t i c s  and thermodynamics of these  r e a c t i o n s  determine t h e  conversion of 
char  t o  gas and t h e  subsequent g a s  composition a t  any poin t  in t h e  char 
g a s i f i c a t i o n  zone. 

In t h e  reac t ion  scheme, t h e  water-gas and Boudouard r e a c t i o n s  are coupled by the  
s h i f t  react ion.  Therefore ,  only two of these  r e a c t i o n s  can  be considered t o  be 
t r u l y  independent. The water-gas s h i f t  r e a c t i o n  is f a i r l y  r a p i d  over  carbon 
s u r f a c e s  a t  g a s i f i c a t i o n  temperatures  and is assumed t o  be in equi l ibr ium in t h i s  
inves t iga t ion .  In our  model we have assumed t h a t  Edrich e t  a l .  ( 3 )  k i n e t i c s  f o r  
the  Boudouard r e a c t i o n  over  ponderosa p ine  charcoal  a p p r o x i r a t e s  the  carbon 
reduct ion  r e a c t i o n  occurr ing  in t h e  g a s i f i e r .  Since t h e  a c t i v a t i o n  energy f o r  
carbon reduct ion by CO is about  35 kca l ,  k i n e t i c s  in e r r o r  by a f a c t o r  of 2 w i l l  
be equiva len t  t o  a 5 6 O C  o f f s e t .  This  o f f s e t  is w i t h i n  t h e  accuracy of data  
a v a i l a b l e  f o r  bed temperature .  A t  a tmospheric  pressure ,  t h i s  r e a c t i o n  sequence 
should adequately descr ibe  t h e  k i n e t i c  processes .  A t  e l e v a t e d  pressure ,  methane 
forming k i n e t i c s  should probably be considered.  For char p a r t i c l e s  with minor 
dimensions up t o  3 / 4  inch ,  Edrich e t  a l .  ( 3 )  a l s o  show that i n t r a p a r t i c l e  mss 
t r a n s f e r  is not important .  Therefore ,  t h e  same r a t e  express ion  f o r  char  
g a s i f i c a t i o n  a p p l i e s  r e g a r d l e s s  of p a r t i c l e  s i z e  ( i f  less than  3 / 4  inch) .  

The reac tor  design condi t ions  which a f f e c t  t h e  char g a s i f i c a t i o n  zone Inc lude  
i n i t i a l  condi t ions ,  such as char and gas temperatures ,  flow rate and composition 
of t h e  incoming gas ,  and g a s i f i e r  parameters ,  such a s  char  g a s i f i c a t i o n  k i n e t i c s ,  
c ross -sec t iona l  area of r e a c t o r ,  h e a t  t r a n s f e r  from t h e  gas  t o  t h e  s o l i d s ,  and t h e  
dens i ty  and void f r a c t i o n  of t h e  char. An adequate  model mst account  f o r  changes 
in these  i n i t i a l  condi t ions  and parameters. 

To d a t e  t h e  most e x t e n s i v e  model l ing of t h e  char  zone of t h e  s t r a t i f i e d  downdraft 
g a s i f i e r  has been developed by Reed (1). Reed's model of the char  g a s i f i c a t i o n  
zone assumes equal  molar feed  r a t e s  of C02 and carbon (char) .  'his zone is 
assumed t o  be a d i a b a t i c ,  y i e l d i n g  a change in temperature  of about  24'K per  1% of 
r e a c t i o n  of carbon. Coupling t h e  temperature  change t o  t h e  k i n e t i c s  of t h e  
Boudouard r e a c t i o n  then  y i e l d s  t h e  conversion of carbon and temperature  of t h e  
r e a c t i o n  versus  time and p o s i t i o n  (depending on feed  r a t e ) .  ?he model g ives  a 
good f i r s t  approximation of t h e  gasifier behavior lead ing  the  way towards t h e  use  
of theory f o r  p r a c t i c a l  p red ic t ions .  

W)DEL FORWIATION 

The o v e r a l l  g a s i f i e r  model c o n s i s t s  of two p a r t s ;  t h e s e  a r e  a p y r o l y s i s  model and  
a g a s i f i c a t i o n  model. The p y r o l y s i s  model is used t o  provide a s t a r t i n g  gas  
composition, flow r a t e ,  and temperature  f o r  t h e  c h a r  g a s i f i c a t i o n  zone. To 
i n i t i a t e  t h e  modelling, t h e  a i r / f u e l  o r  O ~ / f u e l  r a t i o ,  feed  u l t i m a t e  and proximate 
a n a l y s i s  and a methane leakage from t h e  g a s i f i e r  a r e  spec i f ied .  'he model 
genera tes  pyro lys i s  gas composition and temperature  a l o n g  with carbon conversion 
gas composition and  temperature  a l o n g  t h e  char  bed length .  

Pyrolysis Model 

Biomass is assumed t o  be a r t i f i c i a l l y  composed of f i x e d  carbon (char )  and v o l a t i l e  
mtter.  Upon pyro lys is ,  f o r  b i o m s s  under downdraft g a s i f i e r  condi t ions ,  t h e  char  
y i e l d  is assumed t o  be equal  t o  t h a t  from the  proximate y ie ld .  The char  is 
t r e a t e d  a s  pure carbon. With t h e  s p e c i f i c a t i o n  of a n  a i r  o r  0 2 / f u e l  r a t i o  and 
feed  composition, a n  a d i a b a t i c  r e a c t i o n  c a l c u l a t i o n  around t h e  pyro lys i s  zone w i l l  
y i e l d  temperature ,  gas composition and flow r a t e .  It i s  f u r t h e r  assumed t h a t  any 
methane escaping p y r o l y s i s  is not cracked in t h e  c h a r  bed. Therefore ,  t h e  w s s  
and energy balance around t h e  p y r o l y s i s  zone a l l o w s  f o r  t h e  methane leakage 
s p e c i f i e d  as  a model input .  
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In order  t o  c a l c u l a t e  t h e  a d i a b a t i c  flame temperature  of t h e  p y r o l y s i s  gas ,  when 
i t  is oxid ized  by t h e  a i r  or oxygen, f i r s t  t h e  energy r e l e a s e d  by t h e  combustion 
is determined. 

AH298 = HHv - AHcombustion 

where AHzg8 is t h e  energy r e l e a s e d  from t h e  p y r o l y s i s  and  p a r t i a l  combustion 
assuming N2, CO, C02, H2, H20, CH4, and char a r e  t h e  only products ,  HHV is t h e  
h igh  hea t ing  value of t h e  b i o m s s  ( c a l c u l a t e d  by t h e  ITG method), a n d  AHc mbustio 
is t h e  sum of t h e  moles of t h e  products  of p y r o l y s i s  times t h e i r  %eats 04 
combustion. In t h e  model p r e d i c t i o n s  presented  below, a t y p i c a l  biomss 
composition of 51 percent  carbon, 6 percent  hydrogen and 45 percent  oxygen by 
weight was assumed f o r  t h e  mter ia l  b h r . c e  c a l c u l a t i o n .  

Tie a d i a b a t i c  flame temperature  can  t h e n  be determined by t h e  fo l lowing  equat ion 

In t h i s  model a n  i n t e g r a l  average  v a l u e  of Cpi f o r  each of t h e  gas  c o n s t i t u e n t s  is 
u t i l i z e d .  The c a l c u l a t e d  a d i a b a t i c  flame temperature  is then  used t o  determine 
t h e  c o r r e c t  Kp and gas composi t ion i n  a second i t e r a t i o n .  Since the  flame 
temperature  v a r i e s  l i t t l e  wi th  changes i n  K , only two i t e r a t i o n s  are  necessary 
f o r  a c c u r a t e  gas  composi t ion and  a d i a b a e i c  flame temperature  pred ic t ions .  
Specifying t h e  amount of f i x e d  carbon y ie lded  from t h e  b i o m s s  and t h e  oxygen t o  
f u e l  r a t i o  g i v e s  a unique gas composi t ion and temperature. 

Char G a s i f i c a t i o n  Model 

The char g a s i f i c a t i o n  model descr ibed  below assumes that t h e  char g a s i f i c a t i o n  
zone is a d i a b a t i c  and,  as  in t h e  p y r o l y s i s  zone, t h e  water gas s h i f t  r e a c t i o n  is 
a t  equi l ibr ium. Char g a s i f i c a t i o n  k i n e t i c s  a r e  employed t o  compute t h e  
convers ion/ length  p r o f i l e .  H e a t  balances on t h e  gas and s o l i d  a r e  used t o  
determine temperature  p r o f i l e s .  Material balances w r i t t e n  f o r  gas  and char i n  t h e  
r e a c t o r  assume plug flow; however, t h e  g a s  and char  move a t  d i f f e r e n t  r a t e s  down 
t h e  reac tor .  The fractional convers ion  of t h e  char, X,  is defined as  fol lows:  

where h (0) = molar flow r a t e  of carbon a t  top  of g a s i f i c a t i o n  zone, and 
molar how r a t e  of carbon a t  p o s i t i o n  "z" in t h e  g a s i f i c a t i o n  zone. 
mass balance is then:  

h ( z )  = 
T~G? carbon 

where X is the  f r a c t i o n a l  conversion of t h e  char ,  z is t h e  d i s t a n c e  down t h e  
r e a c t o r ,  re is t h e  r a t e  of conversion of in moles char/min, S is t h e  c r o s s  
s e c t i o n a l  a r e a  of t h e  r e a c t o r ,  and h (0) is t h e  char feed  rate in moles 
char/min. 

For t h e  Boudouard r e a c t i o n :  

l h e  rate is computed from k i n e t 5 c  data .  

( k l  * PC02)/(1 + k2 * PCO) 

k l  = exp(-E1/RT + 12.3091) 

k2  = exp(-Ep/RT - 28.4295) 
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where rc , i s  in u n i t s  of l/min, E 1  = 43870 - 19811/Tp (pre t rea tment )  cal/mol, E2 = 
-67,300 cal/mol and PCO and PC02 are p a r t i a l  p ressures  of CO and CO2 
respec t ive ly .  The pre t rea tment  temperature  is t h e  temperature  a t  which t h e  
b i o m s s  is pyrolyzed. In t h i s  model i t  is assumed t o  be 1000K. For t h e  purpose 
of t h i s  model, t h e  bed voidage and particle s i z e  a r e  assumed cons tan t .  S h i f t  
k i n e t i c s  a r e  assumed t o  be rap id .  Thus, t h e  gas  composi t ion is brought  t o  a water 
gas  s h i f t  equi l ibr ium a t  each p o s i t i o n  in t h e  reac tor .  To account  f o r  k i n e t i c s  
t h e  equi l ibr ium c o n s t a n t  is disp laced  from t h e  gas  temperature  by 50'C. 

The energy balance inc ludes  i n d i v i d u a l  equat ions f o r  t h e  char, and one f o r  t h e  gas 
phase. In t h e  gas  phase: 

where m is t h e  mss f low rate of t h e  gas ,  cp is t h e  h e a t  c a p a c i t y  of t h e  gas ,  T 
is t h e  gas  temperature ,  h is t h e  h e a t  t r a n s f e k  c o e f f i c i e n t  between t h e  gas and t h g  
char ,  A is t h e  s u r f a c e  a r e a  p e r  gram char ,  T is t h e  char temperature. P is t h e  
char  d e i s i t y  and  E is t h e  void f r a c t i o n  in t h e  bed. 

For t h e  s o l i d  D h a s e  

where X i s  t h e  conversion of char, HB is t h e  h e a t  of r e a c t i o n  f o r  t h e  Boudouard, Y 
is t h e  conversion of s t e a m  t o  hydrogen, and HwGs is t h e  h e a t  of r e a c t i o n  f o r  t h e  
water gas s h i f t  reac t ion .  The mss and energy balances are  coupled and so lved  
using a Runge Kutta  i n t e g r a t i o n  r o u t i n e  in a n  i n t e r a c t i v e  mode. 

The model r e s u l t s  a r e  very dependent on i n i t i a l  c o n d i t i o n s ,  i n c l u d i n g  t h e  i n p u t  
from t h e  p y r o l y s i s  model c a l c u l a t i o n s  of temperature  and composition of the  gas. 
lhe average temperature  of t h e  s o l i d  is not  known e x a c t l y  but is assumed t o  be 
somewhere between t h e  flame temperature  and t h e  p y r o l y s i s  f r o n t  temperature. The 
s o l i d  temperature  is not  cri t ical ,  s i n c e  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  is l a r g e  
and t h e  h e a t  c a p a c i t y  of t h e  s o l i d  phase is small r e l a t i v e  t o  t h e  gas  phase. 

The h e a t  t r a n s f e r  c o e f f i c i e n t  in t h e  energy balance has been c a l c u l a t e d  by a n  
empir ica l  c o r r e l a t i o n  of S a t t e r f i e l d  (4)  f o r  f i x e d  bed r e a c t o r s .  The model needs 
t h e  area t o  volume r a t i o  of t h e  feeds tock  t o  c a l c u l a t e  t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t ,  h, and t h e  p a r t i c l e  a r e a  t o  weight r a t i o ,  

AP' 

KXPERMENTAL DATA 

To compare t h e  p r e d i c t i o n  of t h e  model with exper imenta l  g a s i f i e r  r e s u l t s ,  a 
quar tz  tube g a s i f i e r  54 mm o u t e r  diameter ,  shown in Fig. 2, was employed. A type 
K 1/16-in. thermocouple was used f o r  temperature  measurement through t h e  p y r o l y s i s  
and g a s i f i c a t i o n  zones. A 1/16-in. 304 SS tube was placed  d i r e c t l y  a longs ide  t h e  
thermocouple, through which gas samples were pul led.  A 10 cc syr inge  (+ needle)  
was used t o  evacuate  t h e  tube  and  t o  t a k e  t h e  sample. Gas a n a l y s i s  was done with 
a Carle # l l l H  gas chrouatograph,  with a hydrogen t r a n s f e r  tube  and a t e n  f t  
Carbosieve column. I n t e g r a t i o n  of a n a l y s i s  was performed wi th  a Varian I CDS111 
i n t e g r a t o r .  

Two samples were taken  f o r  each l e v e l  measured. Once a s teady  s ta te  condi ton in 
t h e  gasifier was achieved ,  t h e  probes were i n s e r t e d  t o  t h e  s p e c i f i e d  l e v e l  a n d  t h e  
gas sampling temperature  record ing  procedure begun. The probes were then moved a t  
2 c m  i n t e r v a l s  up through t h e  bed u n t i l  t h e  temperature  read below g a s i f i c a t i o n  
p y r o l y s i s  temperatures  (100OC). The time i n t e r v a l  in between each sample was 
approximately 1 minute. 
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Rl3SULTS 

Table 1 p r e s e n t s  r e s u l t s  of t h e  p y r o l y s i s  m a t e r i a l  and energy balance model. The 
a d i a b a t i c  flame tempera tures  of t h e  p y r o l y s i s  products ,  assuming f r a c t i o n s  of 
f i x e d  carbon from 0.05 t o  0.20 when burned w i t h  var ious  r a t i o s  of 0 / f u e l  has  been 
ca lcu la ted .  The model a l so  y i e l d s  t h e  gas composition a t  t h e  end o t  p y r o l y s i s  f o r  
each f i x e d  carbon and  0 2 / f u e l  r a t i o .  Zhe gas  temperature  a n d  composi t ion is then 
i n p u t  i n t o  t h e  g a s i f i c a t i o n  model. For p r e d i c t i o n s  of t h e  l a b o r a t o r y  data ,  t h e  
f i x e d  carbon is assumed t o  be 15% and t h e  0 / f u e l  r a t i o  is se t  a t  0.45. For t h e  
oxygen runs t h e  0 2 / f u e l  r a t i o  is assumed t o  be 0.40. The r e s u l t s  presented  y i e l d  
varying char l o s s  through t h e  g r a t e .  An a l t e r n a t e  c a l c u l a t i o n  is t o  i t e r a t e  on 
t h e  a i r / f u e l  r a t i o  t o  consume a s p e c i f i e d  m o u n t  of f i x e d  carbon. 

0.45 

0.50 

%ble 1. P y r o l y s i s  & d e l  C a l c u l a t i o n s  

Feed Gas 02/Fuel  F r a c t i o n  Fixed Carbon Adiabatic Temperature (K) 

A i r  0.4 0.05 57 5 

0.10 764 

0.15 955 

0.20 1146 

0.05 745 

0.10 924 

0.15 1104 

(02) (888) 

(1182) 

(1475) 

(1765) 

(1201) 

(1490) 

(1775) 

(2055) 

(1504) 

(1785) 

(2061) 

(2330) 

0.20 1282 

0.05 897 

0.10 1067 

0.15 1236 

0.20 1403 

Figure  3 shows t h e  model p r e d i c t i o n s  of t h e  char  and gas  phase temperature  
p r o f i l e s  through t h e  g a s i f i c t i o n  zone f o r  a i r  g a s i f i c a t i o n .  The s o l i d  phase is 
represented  by t h e  s o l i d  l i n e ,  t h e  gaseous phase is represented  by t h e  dot ted  l i n e  
and the  experimental  data  are represented  by stars. Excel len t  agreement with t h e  
data is observed throughout  t h e  c h a r  g a s i f i c a t i o n  zone, wi th  t h e  except ion of t h e  
data point  a t  the g r a t e .  This discrepancy is caused by h e a t  l o s s  (conduct ion a n d  
r a d i a t i o n )  a t  t h e  g r a t e ,  r e s u l t i n g  in lower temperature  measurements than 
expected. In a r e a c t o r  wi th  a l a y e r  of ceramic balls above t h e  g r a t e  i t  would be 
expected that heat  l o s s  would not  be important .  

F igure  4 shows p r e d i c t i o n s  and exper imenta l  data  of t h e  CO/CO2 r a t i o  down t h e  
r e a c t o r .  The agreement between model p r e d i c t i o n s  and experimental  da ta  is good 
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confirmation of t h e  model. Since no a d j u s t a b l e  parameters  were i n p u t  into t h e  
model t o  make t h e  temperature  p r o f i l e  and CO/C02 r a t i o  p r e d i c t i o n s ,  t h e  model 
a p p e a r s  successfu l  a t  s imula t ing  l a b o r a t o r y  condi t ions .  

The e f f e c t  of varying throughput on char  conversion is shown in Fig. 5. In t h i s  
f i g u r e ,  the  r e s u l t  of i n p u t t i n g  into t h e  model t e n  t imes normal, normal, and one 
t e n t h  normal a i r  thorughput i s  i l l u s t r a t e d .  Quant i ta t ively,  a f t e r  t h e  s o l i d  a n d  
gas have come t o  t h e  same temperature ,  t h e  conversion of char  f o r  a given d i s t a n c e  
is l i n e a r l y  dependent on t h e  throughtput .  Although a n  i n c r e a s e  in throughput  
increases  the hea t  t r a n s f e r  from t h e  gas t o  t h e  s o l i d ,  the  n e t  e f f e c t  on char 
conversion,  a s  y ie lded  by model c a l c u l a t i o n s ,  is t h e  same char conversion f o r  
equiva len t  res idence t i m e s ,  r e g a r d l e s s  of throughput. I n c r e a s i n g  t h e  s u r f a c e  
area/volume r a t i o  f o r  t h e  feeds tock  a l s o  i n c r e a s e s  h e a t  t r a n s f e r  from gas t o  c h a r ,  
but  aga in  no s i g n i f i c a n t  d i f f e r e n c e  in conversion occurs  f o r  var ious  r a t i o s ,  a f t e r  
t h e  gas and s o l i d  temperatures  approach t h e  same point .  

F igure  5 a l s o  shows the  char  conversion f o r  a throughput c o n s i s t i n g  of oxygen 
ins tead  of a i r .  An i n t e r e s t i n g  outcome from us ing  oxygen in t h e  model 
c a l c u l a t i o n s  i s  that t h e  temperature  of the char  only rises about  50K above t h e  
peak temperature of t h e  a i r  g a s i f i c a t i o n  case ,  as  depic ted  in Fig. 6. 'Ihis is in 
s p i t e  of t h e  i n i t i a l  gas temperature  of t h e  oxygen run  of 1750K, compared t o  1400K 
f o r  the a i r  case. S imi la r  r e s u l t s  have been observed in t h e  labora tory  f o r  t h e  
oxygen g a s i f i e r .  The reason f o r  t h i s  phenomenon is t h e  buf fer ing  e f f e c t  of t h e  
endothermic g a s i f i c a t i o n  r e a c t i o n s  which i n c r e a s e  t h e i r  r a t e s  a t  h igher  
temperatures ,  thus  conver t ing  g r e a t e r  amounts of s e n s i b l e  hea t  t o  chemical 
energy. The end r e s u l t  then i s  not higher  temperatures  in t h e  r e a c t o r  but h i g h e r  
conversion of t h e  char  in t h e  g a s i f i c a t i o n  zone. 

CONCLUSIONS 

A pyro lys is  model has  been developed which y i e l d s  gas temperature  a n d  
composition f o r  both a i r  and oxygen g a s i f i c a t i o n .  The r e s u l t s  of t h i s  model 
a r e  then input  i n t o  a s e p a r a t e  char g a s i f i c a t i o n  model. 

A char  g a s i f i c a t i o n  model has been developed which u t i l i z e s  no a d j u s t a b l e  
parameters t o  p r e d i c t  des ign  parameters  and g a s i f i e r  process  condi tons.  

The two models y i e l d  realist ic temperature  p r o f i l e s  of t h e  s o l i d  and gas 
phases down t h e  reac tor .  

The CO/CO2 r a t i o  pred ic ted  a g r e e  w e l l  wi th  labora tory  data. 

'Ihe model shows a n  e s s e n t i a l l y  linear c o r r e l a t i o n  between throughput and char 
conversion f o r  a given r e a c t o r  length. 

The model p r e d i c t s  equiva len t  conversions of c h a r  f o r  var ious  s u r f a c e  t o  
volume r a t i o s  of t h e  same feedstock.  

The model demonstrates  t h e  b u f f e r i n g  e f f e c t  of t h e  endothermic g a s i f i c a t i o n  
reac t ions  in keeping down t h e  char  temerpature  in a n  oxygen g a s i f i e r .  

P r e d i c t i o n s  compare very wel l  with l a b o r a t o r y  data. 

RECOMMENDATIONS ' 

A model should be incorpora ted  t o  g ive  t h e  res idence  time and i n t e g r a l  
average  temperature  of the  char  a f t e r  pyro lys i s .  This a d d i t i o n  would a l low 
determinat ions of t h e  a p p r o p r i a t e  r e a c t o r  length  f o r  complete g a s i f i c a t i o n ,  
and remove t h e  e s t i m t i o n  of i n i t i a l  p a r t i c l e  temperature in t h e  char 
g a s i f i c a t i o n  zone. 
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(2)  Experimental data shold  be taken  wi th  var ious  g a s i f i e r  condi t ions  and designs 
t o  check mode1 p r e d i c t i o n s  and  assumptions. 
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Figure 1. S t r a t i f i e d  Downdraft Gasifier. 
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